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SHORT INTRODUCTION TO CONTNTS

Both in China and abroad, in thermal physics and engineering circles, the trend
in the design of new tymnes of combustion chambers is to combine the use of aerodynanmics,

she science of heat itransfer and heat iransfering materials and the theory of the
scisnce of combustion with exgerimental testing carried out by using the techmology
available for precise, high speed, automatic measurements; the theoretical knowledge
available and the data which can be obtained are then combined to improve the cuality
of onysical and mathematical models of the flow fields in questiani programs for the
calcnlations are arvanged, and commuiers are used to figure cut flow field character-
istics and, at the same time, collaborate the test results.

This book analyses the air flow struciures and flow £icld characteristics of the
combustion chambers of jet engines from the point of view of aercdynamics; i* in“~o-
duces basic concepts and basic ecuationsy, and it tlaces amrhasis on theory and exper-
imentation describing vortex flow fields and turbulense “etsgs this is to form a
prevaratory foundation for the numerical salculation of combustion chamber flcw fieslus,

There are sixteen chapters all together in this bock, and it could be useful v
studied by senior students or research persomnel snecializing in thermal physics eng-
ireering and dynamies at major technical acad-mies and schoolsy it can also te use-
fuliy studied by scientific and technical personnel in fields related to combustiicn,
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CHAPTER 1 INTRODUCTION

Seetin 1 Capability Targets for Combustion Chambers of Turbine Jet “ngines

Combustion chambers are the "ovens" of turbine jet engines, called "turbine
jets" for short, With ajir flow, fuel injection and ignition, one gets combustion

which throws out heat energy and increases air flow, High pressure, high temper-
ature mses flow through the turbine wheels, and the exvansion of these gases ;
inside the jet tubes creates power, If there is no air flow, there is no com= '
bustion, and the “turbine jet" cannot maintain its functioning cycle. If com=

bugtion is bad, then, the capabilities of turbine jets cannot be zood,

Aircraft fly in different climates, at different altitudes and different
sveeds, The technological requirements for the cambustion chambers of turbine
lets must te particularly striet, It is requird that, within the "I{lisht envel-
one", engines not be extinsuished, that combusticn be fast, stable, even and good.
2reond this, it is also resuired that there be few combustion chamber failures,
that chamo~r life is long and that the chambers are small in volume and lisht in
weight, The quality of combustion produced by various combusticn chambe ' 3.-
called "capability targets."

A fizhter aircraft flies above an isothermic layer, and, because it has
dievaloped a flame out malfinetion, the compressor turbines tum in vain, In
such a circumstance, the combustion chamber intake pressure can drop to 7, <.

043 (H/cmz); temper2ture can drov to tz'a'!f -30°(C); and, flow speed can rise

ag high 2s ’52'“' 100 (m/s). The only thing to do is to dive to a lower altitude

or temvorarily change over to gasoline; moreover, one must inject oxygen, and,

only then, can the engine be reignited, The altitude at which an extinsuished

an~ine o-n be reisnited is called "ignition altitude™; it is Zwmerally hetween ;
8070 apd 1279 n, Imition al:iitudes are safe aliitudes,

2y using the volume of flow Q (m3/s) to eliminate the combustion chamber
volume V (mi)’ one can obtain the air flow "stop over period” t:: 68 (m8)e In
this period of time, the air intake volume G must be apportioned to various areas,
the Jet fuel must be atomized, vaporized, mixed, heat must be released by chemical
reaction, the air mixtury must be rebumed, the temperature mmst be lowered, etc;

and all these vrocesses must take place in a timely manner because, only then, can
continuous, stable combustion be sustained.




Combugtion is the violent collision of rolecules of oxygem with molecules of
fuel in such a way as to destroy the structure of the fuel molecules and form
molecules of a new compound, Under conditions of high temperature and pressure,
molecules have many oprortmities to collide and many oprortunities to reform;
the chemical reaction time tk < 1 (ms). As far as spsed of combustion is concemed,
it is primarily decided by the speeds of air flow distribution and mixing., Jero-
dynamic nozzles and vapor tubes cause liquid fuel to atomize ahead of schedule,
«hich causes vavor and shortens the mixing vreparation time within the combustion
c-anber, One cin say, ""ven niving means fast burming.” Yithin a combustion
chamber, how many kilocalories of heat energy can be produced by each square meter
of volume, for each hour, for esach atmosvhere of pressure is called "heat emission

t*angtl*" or I, The I value for turbine jet coml‘ms!::i.orx'r chambers is (2.~ S)x 107

{ kca.l/m hr - atm); the same value for a normal boiler is, s 5% 10° (kcul/m shr - atm);
30, tre combustiocn chamber ig about 100 times hotter. Given a fixed value of I,
1t is sossibdle to estimrt~ +he volume of the combustion chamber involved.

According to the quantitative equilidbrium eguations for the chemical -ezctions,
every kg of kerosene will bturn its precisely required cuantity of air Lo’aé 14,7,
The actual ratio between air flow quantity G and Lo is called the gas rcmaiader
coefficient 3. W“hen a turbine jet is cruising at nizh aliitudes, the amount of
air entering the chambd»>> G can be right arownd 12C *inmes the amount of fuel being
injected G,.; under maximra conditions it will be around 50 times Gf. That is %o
say that the whole variaticn range for the gas remainder coefficient a8 is idey
i.eo 3.5 €a<, 8. In actuality, when loczl values of &> 2, it is very difficult
to ignite “he fuel. Therefore, no matter what kind of operational camfiguration
a2 turbine jet is in, it is necessary to *ake vaing to maintain the local value of
the gas remainder coefficiemt in the main combustion area of the combustion chame
ber within the range 0.5 <s< 1 in order to prevent flame out, The average in-
take air flecw speed for ~ombustion chambers can be in the range of ua 30100
(m/s)e Stability of combustion is evidenced by such things as tolerence of 2 'ride
range of lean and rich mixtures, low temperature, low pressure, high air speed,
while still maintaining flame stability and vigor without deviation or flame out,

As far as the use of high capability ignition gear for the forcing of igni-
tion is concemed, when such equimment is used to start aircraft in cold weather,
it is particularly important to be sure that the throttle is not pushed %oo fast
increasing speed too violently., DBecause of the fact that when rotation speed is
low,  kerosene atomization, vaporizing and mixing are not yet completely prepared
for, it is not possible %o achieve stable combustion in the main combustion area.
However, if forced ignition is not stopped, the fire can flow down and reach the
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exhaust port of the combustion chamber or even the turbine wheels before it really
Starts o bum; this condition raises the temperature but does not increase the
rotation speed of the turbine; this can lead to the destruction of the turbine
fan blades by the heat, This is called 2 “heat stovpage" milfunction.

There are three important irdicators of good combustion:

(1) Overall combustion effiéiency % and local Combustion Efficiency g,

Make H= the fuel heat value, f=1 [8L = the fuel to air ratiosy 1let the total
heat content of the zases when they are at the exhaust port of the combustion
chamber and have already bgm bumed = i;; and, let the total heat content of
air at the intake port = i;. If one takes each kilogram of air as the basis,
then

A +Pif =i o i

overall combustion efficiency # = iH

“le already know "‘; we measure the averzgz overall temperature of the intake
and exhaust 523 flow 7: and i ¢+ and, 're f‘*n Tigure # ©y cnecking a gas heat eng-
ineexring rromerties cha.rt or bv retting J.3 and i:, it the vresent time, 4= 99% :
for the main combustion chambers of turbine jets. This is 2 numerical value for
this characteristic, which is obtained through static engine testing, In flight
? will be lower,

In the interior of the combustion chamber, measurements of local fuel con-
centrations in different parts of the chamber = C (kg/m Je The initial fuel ﬁ
concentration before cambustion is taken to equal Ce (xg/m )3 and, the fuel con=-

sumption ratio ¢ = Cf/Cf e Before combustion, 4: = 1- after combustion, it
o ,

equals O,
Tocal combustion efficiency 7 = (1=:¢ ) %3 the lccal rates of chemical

»aaction

W “if(,,c,.) - -c,,-:-:‘i [kg/m® * s].

local rates of combustion :i follow the course of the flow and gradually

rises until it reaches the overall combustion efficiency 4 .

"unevenness"
(2) 9, the , € level of the exhaust port temperature field of com-

bustin chambers,
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Because the flow speed distribution inside combustion chambers is uneven, and
the digtribution of fuel concentration is uneven, therefore, there is no way for
the exhaust port temperature distribution to be even, In order to assure the
strength level of the turbine fan blades, strict limits must be placed on the
"meveness" of radial and circumferential temperature distributions in the air flow

coming out the exhaust port:

Define & = Hjighest overall exhaust port temp-Avz overall exnaust temp
Avg overall exhaust vort temp-Avg overall intake temp

... Fe

;ﬂ—'?’-szs%.
TS —1T»

" If one can raise the average, overall exhaust port temperature for combustion
chambars, —f}' and reduce the "unevmess:; 8's then, i% is certain that one cen raise
the capabilities of turbine jets. If ’1‘3 can be raised so that ?,‘g; 2C00K, then,
1ow temverature miving is not required znd neither is assisted combustion.

(3) +all temperature distributions of flame tubes,

The matzrial in the +hin ranels of flame tubes have 2 limited ability to res=-
ist high temperatures, If the temperature distribution on a wall surface is not
even, and the surfaces are subjected to aerodynamic and mechanical vibratioms,
~2using stress concentrations almng the edges of openings in the panels, it is
very easy to have fatigue, creasing damage, cracking and complete failure, Pieces
of failed material can then flow with the air current down into the engine where
they can damage the turbine fan blades, and this ean lead to a3 whole range of ac-

( cidents! At present, localized hot spots in the walls of flame tubes should not

axceed 85000, and the average temperature throughout the walls is g, 6c0°C, T
oxder to vrevent overheating of the flame tubes, first, combusticn must be ciabdble,

. that isy the flames must not expand, wobble or consume the inside of the tubes,

Secondly, air film cocling or "sweat cooling" must be used to protect the inside
walls, The air films which stick to the inside walls of the tubes very seldom
take part in the combustion, and are not a main force in the operation of the eng-
ine; <therefore, every effort must be made to reduce the amownt of air film coolings
the amount of air used for this purpose should not exceed 25%, ’

The lack of carbon accumilation in jet tubes and arowmd jet mouths, the lack
of exhaust smoke, minimal quantities of the poisonous gases CO and NO in exhaust,
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a ninimal amount of combustion noise =~ all these things are also are indicators of
"good buming," The Peoples laws concerning these matters set strict limits on
axhaust smoke, CO and NO content of exhaust and noises

If one is to achieve fast combustion, stable combusticn and good ® mbustion,
then, the constructim of combustion chambers -- <neaking from an aerodynamic noint
of view — voses many obstacles and limitations. For example, COMPressors,
swirl atomizers, stabilizers, evaporization tubes or jet nozzles, as well as ~ur-
rant lirection bvaf{fles, shinmting vanel mixing ape>tures and narrow aracks ecan all
be considered as obstacles; foreing air currents to reduce svead, to suddenly in-
tensify, to turm, to rotate, to divide, to blast and to mix can all be considered
as limitations, These "obstacles" and "limiations™ cause air flow sSpeed disz*ritu-
tion to be exiremely wneven; this produces turbulence ard vortices. The viscose
i*y ~hear forces beiween layers of air and the friciion between the air flow and
the solid surfaces of the engine will both tend to reduce the *otal pressure .AP*.

“he total rressure P*represents the 3ize of the total amount of mechanical emergy
in the air flow; that is to say, the amount of work that the expansion
of the air flow is capable of doing. There is an overall pressure 1éss of 1% in
front of the tail jet nozzle, and the thrust of the turbine jet is reduced by some-
thing more than 1%. Drops in air flow pressure which occur as a result of energy
expended in order to overcome blockages are called "flow blockage losses," Even
if one has 2 [12%, smo-th, straight tube with no surface friction and no vortical
turbulance, it only takes an increase in the heat of combustion, and such an iner-
ease will necesszrily increase the sveed of the air flow -nd decrease the pressure,
This phenomenon is called "heat vlockage loss.™ It can be clearly seen from all
this that the basic contradietion in the design of combusticn chambers is that in
oxer to immvove combusticon capabilities one rmst introduce meny flow blockaces
and heat Ploc'ages, The gener~l nressure ratio between the exhaust nozzle and the
intake nozzle of a combustion chamber is called the "general pressure repletion
coefficient” o, For combustion chambers of the same form and dimemsions, it is
obvious that the higher ¢ is the better, In gemeral, " should be > 0.94.

A "thermal expansimn strength", I, which has a high value i3 a reflection of
a combustion chamder which hags a small volume, The design of a turbine jet must
make rational ugse of limited space, The process of develovment goes from single
or simple tubes to intercomnected tubes and, finally, to the tubular combustion
cavities themselves, Recently, the trend has been toward the use of shortened




cavities, double cavities and sub-divided cavities in the construction of combustiom
chambers.

Shortening the length of combustion chambers not only reduces the volume of
the chamber and lightens its weight, it is also capable of reducing the amount of
air required for air film cooling, which allows the absolute maximum amount of the
air entering the chamber to take part in mixing and combustiomn; shortening the span
between *he turbine wheels and the compressors inéreases rigidity along the main
axis 2s well as critical rotation sveed.

™his method for shortening the length of combustion chambers iInvelves short-
ening the chamber entry compressor or the use of a "sudden compression form" zas
entry; these tyves of chamber entries take advantage of vortex »eflux and shorten
flame length; they also increase the maximum permissible temperature in front of
the turbines, -'17:, and inecrease combustion efficiency q therefore, it is nos=ible
to shorten or el.m.nata areas of suprlementary fuel feed and lowered temperaturs;
with such 2 design it is possible to adjust combustion to diffarent operziiommal
configurations and eliminate exhauwst gas paszages,

Because their heat emission strength is high, their operating conditicns 3ive
erse and their technical requirements siringent, the gemerzl overhaul life of tur-
bine jet combustion chambers is much shorter than thad of naval ship boilers or
surface ovens. The general overhaul life for the combustion chambers of fighter
| aircra.ft,’\g.ppmimately 200-50C hours, The general overhaul life of the combustion

chambers of civilian aireraft can exceed 1000 hours, All the technical reguire-
men+s for a combustion chamber cannot be satisfied at the same time. For example,
fast buming and lang life, good combustion and small losses are contradictory

requirements, One must set the main capability targets for a combustion chamber
according to its intended applicatiom,

2, Flow Distribution in Combustion Chambers of Turbine Jet Gngines

Tig 1.1 is a cross section diagram of the cavity of a comnecting-tube type com-
bustion chamber. The compressors send air flow G (kg/s) through the cavity's pres~
sure intensification apparatus where it slows down and is pressured into the com=~
bustion chamber entrance with an average flow speed of u (m/s), a density of "oy
(kg/mj), an average overall pressure of ?, (N/cm )} and an average overall temver~
ature of T" (K)o Distributions for the entering air flow G in certain predetermined

ccm‘ign:atlms are as follows:
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(1) The =mownt of zas flowing from the eddy current "gear into the main com-
bustion area, G,, accounts for approximately 8-1C%,. the exhaust at the end of the
eddy current avparatus is fitted with flow guide bvaffles which have numerous holes
in thems this is to -revent the accurulation of carbon, The blades of the edCy
cur-ent devices force the air flow to rotatey this creates the vortical reflux area
(see Chapter 6 for a detailed treatment of this subject),

(?) The sas volume, G., which flows into the main combustion area from the
~a8 nixture avertures and the main fuel - avertures accounts for avnroximately
12=?(E5, These two cms'\‘.i/tuents of ke zas volume (314.- G,_,) and *he amo:nt of jet
fuel which is mixed in in approoriate pronortions together form a lcc2l gas remain-
der coefficient o2, 1,C, A rich mixture in- the main combustion area with a< 1,0,
is advantageous for starting combustion and for the stability of high aliitude com-
Sustion; however, the local combusticn efficiency 7 is tog lcw, and a »elatively
long surnlemen*2ry ccombustion area is weauired, 4 lean nizture in *he main come
Tustion area vith &2 1 has advantaces wnich are the eract oorosite of thosze of
a rich aixture,

e ™35 ~olume distribution and 7; and T* of the gases mtering the flame tube
o7 *Fte ccnnected tube combustion chamber in Fig 1,1 change along the course of the
flow,

(3) The zas volume, G., which comes from the surplementary  fuel aper=-

14
{ures and enters and enters'gthe sunrlementary combustion area acecounts for aprrox-
imately 20=257, If the main combustion area has a =ica mix*ure to degin with,
theoretically, the mutual interaction and mi:ing of (3,} 02+ 33) and Gf should
cause the local sas ~emainder coefficient at the exit of the suprlemer*ary ccm=
bustion area to Teach &€ 3 2 with lceal cocmbustion ef ficieney veaching : g 084,
(1) The s2s volume, G,, which is entering the cooling area from the large
corling aperture added to ‘,’r:e zas volure used in aix filn coolins, Ge» a:.cccunts
for ap-roximately U5-5%%, If one can raise the ove=zll tomperature,’_?:: which
is permissible for entrance into the turbines from 1200°K to 1600°K, then, it
is possible to reduce the amount of gas necessary for cooling, G4. If one can
shorten the combustion chamber, lessening the amomnt of wall surface necessary
in cooling, then, it is possible to reduce the amownt of gas used in the air film,
Gce Not only can this raise the thermal emission strength, I, it can also greatly
l;wer fuel consumption, sfe, (the number of kg of fuel consumed per hour for each

kg of thrust).

In Fig 1.1 one can see that, in the area in front of the main fyel
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aperture, that is, in the main combustion area, the drop in overall pressure and the
rise in overall temperature are both very fast., This explains why both the mixing
and combustion of air and fuel are very violent.
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Fig 1,1
1o Zddy Current Ar-aratus 2, Gas Mixture Aperture 3, Reflux Area 4, hin Fuel
Averture 5, Suvplementary Fuel Aperture 35, Air Filr Cooling Crack 7., Cooling
Aperture 8. Outer Cavity Skin 9, Jet Nozzle or iHouth 10, Flow Cuide Baffle
11, Pressure Intensification Apparatus 12, Main Combustion Area 13, Supnlementary
Combustioan Area 14, Cooling Area 15, Gas Cuide Tube 16, Overall Temperature
17. Inner Cavity Skin 18, Overall Pressure 19, Cas Flow Momentum

Sec 3 Flow Field Structure in Combustion Chambers of Turbine Jet Fhgines

At any given instant, the form of the distribution of the air flow speed vector,
V, pressure strength, p, fuel concentration, Cps and overall temperature, '1‘*, within
a limited svace is called the "flow field structure” of the combustion chamber, or
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"gpeod field", "pressure stremngth field", "concentration field" and "temperature
field." Through the use of high sveed cameras or pulse laser integrated -
information vhotogravhy, it is possidle to photogravh a certain cross sectian of
the "air flow structure"” in a limited srace, If several cross sections are rhoto=-
graphed, it becomes possible to analyse the "flow field structure" of the space,
Fuel mist vaporization, sneed of diffusion mixing and concentration of 4iffu-
sion and mixing are all detarmined by local flecw sne-ds, Therefore, the "speed

field " letermines tke "cconcertr-zisn fi121d,." ola2cular ~ollisions and the speed
and amount 25 *lemmal eaicsion Trom conbusticn ire all determined By lcezl temne
eratures, nressures and fuel concenir=ticns. Therefore, ~he “concentration field"
detarmines the "temperature fi~?4," Looking at it from this point of view, the
speed field of the main combustion ar-a determines the ‘emperature field of the
axhaust port of flame tubes, If ‘he exhaust zor* iemprraiture distribution dess
not measure up to standamds, *hen, it is necessary to improve the "flow field
structure®™ of the main combustion area, If holes or scccndaxy seams open later

in the middle section of flame tubes, it has no gre~t eff=ct,

Air flow is movement by a "collective of molecules" or a "nicro-mass of sas.”
™ow speed is the speed of the center of mass of the "micro-mass of sas" also called
the "material point particle."” TEven if the collective flow speed, V=0, if one
could bore into the microcosm of the "micro-mass of gas, one would see large nune
bers of gas molecules each havhazandly ricocheting and colliding with each othex
at different speeds, U, and from different directioms. I one looks a2t the swn=-
shine which penetrztes into a dark room through a crack in a window, one can see
smoke and dust rolling and bouncing back and forth in the colurm of light; splash
a few 4rovs of perfume here and there, and one can smell it throughout a2 vhole
room; both these observations are manifestations of "molecular motion," Under

conditions of standrd %femrerature and pressure, evary 22,4 liters of gas cantain
II°= 6.023::1023 adolocules, Say the volume of the "micro-mass of gZzs™ is 1 cm% it
still contains N @.2,7x10'? molecules. According to the theory of molecular motion,
temperature, T, expresses the level of intensity of the linear motiom of molecules,
or it revresents the statistical average of the kinetic emergies of the molecules

(1/2)mﬁ2; it has nothing to do with the volume of the "micro-mass of gas." Pres-

sure is an expression of the size of ihe strength of the molecular collisioms

which occur on each wnit of surface area of the inner wall of the "micro-mass of

gasy it is related to the molecular nuiber and tRe number of collisions., When

a glven number or molecules absorbs thermal energy, its movement is violent, its i

e}
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average kinetic emergy is large; its temperature is high; the space between one
molecule and another is widened; the volume occuvied by the micro-~mass of gas is
increased, or, one could say, its density is diminished. Therefore, if the number
of molecular collisimns recieved by each surface area unit of the inner wall of
L the micro-mass of gas is reduced, then, the pressure will be diminished,

“hat has been said above can explain why the air flow through a clean, wnob-
structed tube must be speeded up as soon as heat is added to the system and the
volume of the micro-mass of sas exrands if the air flew is to maintain the same

spexd it has ‘hrough an unscostuctad tube, A 4rom in »-essure in the air flow
produces a "temperature blockage," .

It can also explain why it is diffict'xlt to start ignition and conbustiom under
canditions of low temperature 2nd »nressure, 3Because oxvgen molecules and molacules
of fuel are few in number, their motion i3 slow, 1nd *heoix eollisions 2re not vio=
lent encugh, ovportunities for their combining are few,

"o recosnize the fact that "flcow fields™ ave fo~mad Ly ccntinucus micro-masses
of gas without zans of smaces. <=ven the smallest misro-masses of gas are much
larrer than *he dimensions of 2 3inrle mclecule. Thererore, they are called
continuous media or macrocosms and are not considered in terms of molecular noticn,

The influence of the circumferential pressure which is recieved by the mi~ro-
masses of gas can cause deformations, ‘vhen the density, f;: also changes in line :i*h

{ these deformations, it is called the "compressidbity" of the gas. All zases are com-
nressivle. Zowever, when the air flow Mach number is M < 0,70 or the flow speed
¥ <60 (m/s), comvressibility is no* noticabdle, and one con treat zases under *hese
conditins as non-compressible fluids, that is, with density, ”j?,apfroximate];/ aqual
( to a constant,

Imagine that there is a fixed, rectangular coordinate system superimposed over
the flow field. The coordinates for the material point =article, i, of a cer*ain
micro-mass of zas are (X,7ez)3 *he com~cnents of smeed vac*or, V, along %, 7 and
z are Uy v and W, Using x, y and z as well as time, * , as indevendent variables,
it is possible to write functianal equations for the flow structure by using stand-
ard values for the variables p; T and p of the micro-mass of gas alang with the
components of the vector quantity, ¥. The equations are as follows:

P~ p(e, 75 2 1) Umals, o 8. E)
Te=T(x, 9, ¥,7) " veouls, y,.4, 0
p= p(.i‘,'_y,"ﬁ', r) - w wiz, 3, %,
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If one uses experimentation or theoretical methods to provide precise values .
for the functional equations above, one has a grasp of "flow fields." If the con-
dition parameters, py T and py as well as the flow speed vector components u, v,
and W do not vary with changes in time, ¥., themn:

8p BT By BRIV B
8’ ar’ 8r :0c) B Br

are 21l equal to zero, and this is called a "steady flow field."” (nly when one has
appropriate values for flight altitude, H, flight Mach number, M, rotation speed, s.
air intake, G, and jet fuel quantity, Gg, so that they are stable and wnchanging,
without fluctuations, and thers is stable combustion, can cne cmsider there to be
a stable flow field within and outside the flame tubes,

“hen condition parameters and flow speed vary with changes in one coordinate,
thiz is called a gingle—element stable flow field; when ccnditiom varameters and
flow steed vary with changes in two coordinates, this is called a two-element stable
flow {ield; and, when condition ~armeters and flow speed vary with changes in
three cocrdinates, this is called a three-element stable Zlow field,

Suvvnose there were no viscosity shear forces between micre-masses of 253
then, luring movements of the micrc-masses of gas there would only be deformation
disrlacement; there would be no rotational movement; this is called "non-rot-
ational iisplacement, that is, it depends only on the "pressure gradient" to pro-
duce flcw speed, If one takes *the material particle roints for the micro-masses
of gas in a stable flow field and commects them together to form a line, this line
is called the "flow line," The special characteristics of "flow lines" are as
follows: the speed vector, V, of material vartiele points correspmd everywhere
“o the flow lines; two flow lines cannot cross each other; ‘hsre is no cross
flow speed, *herefore, micro-masses 2f zas cannot cut across Tlow lines; the Aif-
fusion and exchange of momentum, mass and energy between flow line and flow line
must depend on molecular motiony +the rarity or demsity of the intervals between
flow lines represents the amownt of flow passing through each unit cross section
perpendicular to the lines of flow, that is to say, the size of the “density of
flow", ' (14 '_

In a two=element stable flow field produced in a wind tunnel, it is possible to
obgerve a smoke-marked flow line curling around an obstacle, Except for the "tail
flow™ area, the shape of the flow line and the interval between it and other flow

11




lines remain almost stable and wnchanging,

In a flow fleld without a rotational value, draw 2 get of closed lines, Frem
the various points on these lines, extend gseveral boundary flow lines to form a
boundary wall called a "flow tube, " Obviously, the gases flowing ingide and outside
the flow tube cannot penetrate its sides, This principle is constantly utilized
in the desizning of the gas flow vassages of turbine jets, that is to say, the ot
"houndary flow lines" of the sides of the flov +ute are taken to represent the
shave of the inside walls of the passages involved. For example, the pressure in-
sensificatim arrarmius, stc., cn the intake of “he ncnoustion chambers of turbine
jet engines on test firing beds,

In reality, there are viscosity shear forces between micro-~masses of gase.
During the movement of micro-masses of gas, there are not only ceformation displac-
ements, but also rotations and pulsaticns. "S-im13" are nothing but the violent
rotation of micro-masses of gas, also called "vortical masses." Two times the
sngnlar velocity of roiatiom of the "vortical maszes"y 2w is called "curl.,”

Tlow fields in which larse and small vorticel masses roll over and over each other

ard ™ulsate are called "furbulance flew IlaTdz.” Thishulznce flow TizldsT are
angtatle Slow Tialds, therefore, (% i3 now woriitl: T odiTaw ol ramliar flow lines.
kel
~ - . “ 3 N . < - o
Towevar, Sollowing the staddeed wrezging TITaldn oL "molecular moticn theory”,

i& one does not follow the progress of iniividual "vertical masses", tut only
obsemves the "averzse time" parameter for large numbers of "vortical masses" as
they flow pest specific points in a turtulence flcw fi2ld, it becomes vossible to
obtain what is called an "average time par-meter."™ The instentaneous narametaT =
the average time parameter + the pulsaticn tarcmever. Symbolically speaking, if
one adds a horizenial line to represent am av-rzge time value and a comma shave
in the upper right to denote a pulsation value, then, it is possible to write:

p=pr+s - u=~a-+u

r=7+T1 v=v4+V
p=p+p W tw

In the laboratory, it is possible to explore flow fields using regular instru-
ment pickups like pitot tubes, thermo-courles, etc, ; because the pick-ups have

large inertias, the measurements from them are only of average pressures,p, during
a given time, of average temperatures, T, Auring a given time, and of average flow




.shorten combusticn time and shorten flame length.

T W

speed, ?o , during a given time; for pulsation parameters, it is possible to use
pick-ups with small inertias in order to measure the "pulsation wave shape'.
Sveaking in terms of these average time parameters, "turbulence flow fields" can
also have average time stable states and average time flow lines,

The special characteristics of the tumbling and pulsating of vortical masses
in turbulence flow fields are as follows: the diffusion and exchange of mass, mom~
entum and energy between vortical masses is particularly fast—efrom ten times to
several hudred times faster than the exchange and diffusicn accounted for by "mol=-
ecular motion.," The use of eddy current apraratus and stabilizing apraratus in
combustion chambers is nothing but an attempt to utilize the particularly high
speeds of mixing amd Aiffusion which exist in turbulence flow fields in order to

Sec 4 Jet Forms in Combtustimn Chambers of Turbine Jet “ngines

It does not matter what type of structure a combustion chamber has; its air
flow distribution and flow field structure must be able to satisfy the following
conditions: mixing of fuel and air must be even; ignition must be fast; com~-
bustion must be stable; flames must be short; and the combustion chamber must put
out exhaugt gnses within a certain limited range of evenly high temperatures. To
meet these conditions one must utilize the differential between the inside and out-
side static pressures of flame tubes or the impulse pressure of intake gases as
they flow through the eddy current apraratus, large apertures, =mall apertures,
cracks, ducts, jet nogzles, etc and enter into the jet flow in order to control
the flow field structure, A jet is a current which passes through a jet nozzle
from one space into another space, This second space is filled with either sta=
tionary or moving gases, This current may have the same composition and temper-
ture as the gases around it, or it may be combosed of different elements at a
different temperature; however, on all surfaces at which the boundaries of the jet
contact the surrounding enviromment, the static pressures are the same, Depending
on the form of the jet nozzle and the current, jets in combustion chambers can be
divided as followas

= Flat mouth, two-element jets, as in long, narrow intermixings of zases
= Round aperture, three-element jets, as found in the cooling apertures
of the main combustion area .
- Ring mouth, spiral jets, as found in the eddy current apraratus :
13
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= Narrow crzck, half-jets that hug wall surfaces, as found in cooling

gas films
- Vapor cones shot out by the small apertures of straight fuel spray

nozzles
- Hollow vapor cones shot out by the ring nozzles of centrifugal jets
- Fuel and air, dual-state rotational jets shot out by meumatic jet
nozzles
= Dual-state jets out out by vaporization tubes, which, then, collide

with sheild »lates to form radial jets and vortices.

“hen cracks form in the walls of the tubes formed along the flow lines, fan=

shared jets are spewed ocut across the main direction of flow and are washed away

by the main flow to form 2 eurtain of zasy the r=flux are~ behind this gas curtain

iz able to stabilire flames and is called an aerodynamic stabilizer, i
A1l the various tvpes of flame stabilizers used in afterbumers are blunt |

otstacles and form reflux areas in their wakes, These wakes and jet fields have

2nalogous locations,

.: Mg 1.2 g
“ 1. Combustion Chamber with Double~cavity Flame Tube and Parallel Flow Difusion Flume P
2, Fuel Feed Passageway f 3, Disturbed Flow lattice Smooths Out and Rectifies Air :‘
2 Flow 4, Outer Skin 5, Pressure Intensification Apparatus 6, Jet Plume 7, Double- ]

Cavity Flame Tube o]
b

Two jets can flow parallel to each other; <they can flow across each other in s “ i
pervendicular way; they can simply intersect each other, or, they can directly col-
lide, TIn areas in which neighboring Jets came into contact with each other, there
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are sudden changes in flow speed; this produces shear layers ( mixing layers),

Pigure 1,2 shows a combustion chamber with parallel flow jets within a dou=
ble cavity flame tube with a turbulence flow diffusion plume, Almg the circume
ference of the fuel feed vassageways there are two sets of numerous fuel jet noz-
zles which put out numerous vapor cones, The air intake, Go’ divides to become
three layers; the first layer is ailr for the main combustion area; Gi'; the second
layer is the air for the sunrlementary combustion area, ’1-2, and the third layer
is the ajr that goes to cocling, ’}.5; in tum, “his air is supplied to the double=
cavity flame tubes through small holes in the walls, The jets from the small
holes and the main current together form a cross current curved jet,_ The fuel
vapor evaporateS and is diffused into *l':he surrounding cross currents; the sur=
rounding air disverses in the directions of the cross currents of the vapor cones;
upon ignition, these become blowtorch-like plumes with length = L. The flcw
structure is simple; however, when the combustion chamber is relatively laong,
it Ttecomes rather clumsy,

Figure 1,3 shows the flow field structure for “he cavity of a flame ftube with
a2 fuel dispersion plate, “he air intake, Go’ divides itself into three currents,
Cne current of air, G1, follows the spiral flow lines from the time they advance
on the air plate and bore through the holes with the three..fish-se¢ale flaps =
into the forward portion of the flame tube cavity; these lines then mate up with
the vortical flow which is induced by the fuel disversion nlate. A second current
of air, ’52, passes through the hollow nozzle guide vazne and, from there, enters
the four round holes at the end of *he gas coe where it is blown into ‘he forward
portion of the flame tube. The jets from these holes merge, push together and
expand the radius of the vortex, Rv’ Mixed and cooled, the third current of air, G3’

enters the rear vortion of the cavity by following the rectangular air mix cowling
which is arranged around the girth of the flame tute. Zecause the vortex induces an
attrictive forcey the jet, G,y which enters the cowling, is sub=divided again into
two currents; one curremnt is drawn forward into the vortex, and cne current is
drawn backward almost to the root of the nozzle guide vane. The jets from the three
fish-scale holes in the forward gas plate flow smoothly, change directin and merge
to become an intense spiral jet, appropriate for use by the eddy current apparatus.
The jets from the four round apertures in the after gas plate merge to become jets
with a fixed directiong these jets mate up with vortices to form ignition sources
and to function as flame stabilizers, The cross currents that enter from the rectangular
cowling divide to form bramch jets; they pass through the flames and aid the functims
of mixing and cooling, The half jets that enter from the air film cooling cracks
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and stick to the walls protect the flame tube and the side walls of the after gas
cone, The aerodynamic structure of this tyve of combustion chamber is relatively
complex, and combustion in an undesigned state is difficult to stabilize; however,
with a compact design, the length to radius ratis of combustion chambers can be made
relatively small, and their weights can be made light,

One can study the flow fields of jets independently, from the points of view of

_nozzle size, shape and location,

Jec 53 Test Productim “ethods for Ceombustion Chambers of Turtine Jets

(1) Componemt Testing Methods:

With refarence to the structure of various tyves of combustion chambers, we
ngo~riinataed 3electicn tlans wiih cfher components. lecording *o the various nrin-
cizal dimensicns in the estimates of the unified, stable flow field required by
>per2iimal cenditionsy we combined sur experiences and made deciszions for the dese
ien of test production originals of commonemts, Iarge numbers of tests were run on
compenents én test stands and in high altitude chambers., We made improvements to
the design over and over again, and we tested over and c;ver again until the capabe
ilities of the combustion chamber measured up to the required standards, then, we
reagcembled the whole mechaniam in order to make tests to see that the components
mated together proverly. In recent years, turbo-fans have already developed to‘the
roint where air flow quantities, G > 400; in the case of turbine jets, G > 100
(kg/s)s overall combustion chamber intake vressures, -15:;’-'.’. 30 atmospheres, and
temperatures, ’f:as 900K, The use of components in orig:i_.na.l dimensions for making
+asts requires ;ery large sources of air flow and pre-=heating equirment as well as
instrumentation for detection, testing and recording as well as the procecsing of
data,

(2) S3imulation Testing Methods:

So%LTad

In employing simulation testing methods, first, set out the set ofjdifferential
equations which apply to the flow field of the combustion chamber in question, Ac-
cording to "equivalence theory", that is, the idea that, if the original form of a
flow field and its simulated form are geocmetrically equivalent, if the flow condi=-
tions of the two are equivalent, and if bvoth their motive forces and their heat
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3t tes are equialent, then, “ov-r "orinai=lng Af sanivalence® ran he derived freom

ihe differential equations, 7or examrle, -he “~ymalds ‘:ber, Re = 71/,; -he }ach
the spirzl density

number, M = 7V/a; the special Prandtl number, Ir = .cp/d 3
number Sc = w/D, etce 7 = “low speed; L = pas 'ge diameterj a = the speed
of soundj ¢ = isostatic specific heat; i = rate of thermal conductivity; m = dyn-
amic viscosity; » = kinetic viscosity, D = coefficient of diffusim. Whether cne
makes a reduced scale model of the flow fields in question or cuts out a sector of
the original, on the test bed during expverimentation, the simulatiomns of the orige
inal operational configuaration maintained the "principles of equivalence" through-
out, The scale of this type of test equipment is relatively small; <the number of




revetitions of experiments required is also somewhat r-duced., It is also possible to
uge these sirmlatim techmiques to study some striking phenomenon, For examples

-Flow simulation testing of g2s mixture bubbles, It is possible to observe the
configuration of the turbulent flow on the inside and the cutside of transparent
models in order to aid in the analysis of the geometrical configuration and air flow
istribution of combustion chambers so as to determine whether they are satisfac~
tory or not,

=The injecticn of helinm gas into the vortical reflux ares, Simulations with
vagor Tuels 1iffuse the mixing nrocess, 'hen one axtracts a samvle of the gases
involved and analyses them using a chromatagraph, it is vossible to determine the
distribution of concentration,

“he "princizles of eguivalence" of combustion flow fields can reach more than
ten in number., During testing it is not vossible to simulate an perfect equivalent
of the orerational configuratién and flow field structure of the original form,
Therefore, the results of simulation testing have linitations. For examplet when
one extracts a flame tube from a cannular combustion chamber and conducts combustiom
tests with it in a laboratory air channel, one discovers that the ignition ringe,
the combustion efficiency, the overall vressure losses and the exhaust nozzle tamp—
erature field all fi% expectations and satisfy requirements, D = the diameter of
the flame tube, Maintaining the principles of ecuivalence, the following mast be irue,

K--_._c__._
PTrD
“hen this is compared with the capabilities as measured with the original combustion
chamber complete and on a test bed, one finds that the reality is not necessarily
satisfactory, The stmdard value of K is arvived at from the rate of chemical reacs
tion and the zas mass stop-over reriocd; it Aces not take into consideration the "flew
field structures" of the intake, the interior and the extermal surroundings of the
flame tube, The flow field structures and turbtulent flow configurations for the
interior and exterior of the flame tube are dissimilar as to the values obtained in
the laboratory air channel and those obtdined when the complete chamber was on a
test bed; the air flow distributions were also dissimilar,

(3) Numerical Calculation Methods:

Physical modelingt The flow fields of combustion chambers are relatively cam-
7lex, The reasans for this jnclude the fact that gases are compressible, that they
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have viscosity, that flow fields have turbulence flow vortical bodies which diffuse
and exchange mass, momentum and emergy, that they have chemical reactioms which
change a variety of the canstituents of the gases involved, that they have different
size fuel droplets which vaporize in the flow and change the local concentrations;
the gases involved exchange heat by radiatim and convection with the walls of the
flame tube; moreover, this is a three—element stable flow field, It is very dif-
ficult to scrt nut the equations for the mitnally interacting influences of 2ll
the rhysieal nd chemical processes going on, Therefore, it is necessary, on the
b23is of fre 3uruciural form of the combustion chamber, its operational configur-
ation, its initinl conditions and boundary conditions, to divide up the flow field
and treat its various pieces differently, Axisyni:e'!tric flow fields can be simplified
into a two=elememt flow field on a meridian suxf-ce, Using average time varameters,
1% iz poscible to detearmine that it is a stable £low field when averaged over time.
’hen cne uses vaporization tubes or vapor fuels, it is possible to leave out of
censideratim the influence of fuel droplet vaporizatimmn. Assuming that combustio-n
is the mixing together of two types of gases, it is possible to reduce the number
of types of gases involved, Assuming a turbulent flow state model, it is possible
to initially determine the coefficient of diffusion for mass, momentum and energy.
The object of physical modeling is to highlight important contradictions, to ex=
tract the regularities goveming changes, and, finally, to analyse the flow field
structure of the combustion chamber in question,

Mathematical modeling: Dased on the independent variables chosen for vhy=-
sical modeling (coordinates x, y, 2z ; time, r ) and the dependent variables ¢
! flow speed, concentratio, temperature, oressure, etc) as well 3s on the prin-
ciples of the conservation of mass, -omentum and energy, if one uses the equaticns
of Newtonian viscosity shear stresses, the equations of Fei Ke for the diffusion of
matter and the enmations of Fu Ii-ye for rmies of thermal canductance, it is vos-

sible to work aut *he continuity equaticns, certain averzzed time equations as
W4ell as emergy equatians /,and so on. “hese 2quations constitute 2 set of nm=lin-
ear, second degrze, non-homogeneous partial differential equations, =xcept under
special circumstances, this set of partial differential equations is very difficult
to figure out from a theoretical voint of view,

Difference equations: The set of partial differential equations discussed
above represents a set of related equatims in which dependent variables, ', i
follow, in some manner, independent changes which are initroduced sepg'rately into
an independent variable, If cne divides flow fields up into logical sections
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in the form of a fine grid rattem, then, this grid pattem will have on it many
"nodes." The values for the dependent variables; ®? ', as well as the derived first
and second degree functions of the stresses involved will be different., Using the
dist-nce between two neighboring nodes, which is called the "step length," e
replaces dx, 4y, dz and ¥ with 4x, Ay, Az and ., Ar in the set of equatiomss

dy, dz, dr; ‘4""‘; d’¢/ds* likewise can be computed. In this way one one
changes ‘the original set of differential eamations into a set of "limited 4if-
farence" "algebrzic equati-ns' which can also be called a set of "difference equa=-
tions.

Compu‘her programing: Using computer language, take the operational nrocedure
for soking Aot:{:srof differential equations, and use it to write the nrogramg then,
tut in the computer, If one has made the model of the flow field correctly and !

wriiten the pnrogr-m correctly, then, in ten seconds to several minutes, the come

sutar i1l Tive you a ~rint-ent of the structure of the flow field,




Chapter 2 Combustion Chamber Intry Diffusers

Sec 1 Diffuser Ferformance Requirements

As far as the subsonic portions of the entry vassages of turbine jets are con-
camed, hoth the area in front of the entrr to the main combustion chamber and the
ar-a in front of the entxy +to the after bumer combusticn chamber must have a dif-

“ha 4iffuser for the mnain

1y

Tremaxr %o reduce aresd nd Ingre-~3e nraztuce, .3 far as
combustion chamber is concermned, the requirements are as follows:

(1) It must toke the air flow speed coming out of the compressors, i.e.,
Ty= 120200 (m/=), M= C.1=0,%, and reduce them mtil the values in front of the
ntry to the “ombusticn chanber are T, = 20-60 (n/s)y M.= 0.1=0.2; a% the same
“ime, the diffuser must :’.nc:-eas? the static pressure of_the air flow so that Pr>Pye
iz will insure *hat <he main ‘cf;r.bustien aTea allows for =7~y imiticon and siable
comtusticn,

{2} The ovemll pressure recovary coeficient of the diffusers, “_‘f'?;../i“..f is
2%t its maximum which is the same as saving that the over2ll pressure loss,AT"‘:
must be minimized,

(3) In order to rrevent bowndary layer separa.t:‘:cn on the inmer walls, the
exbaust flow speed distribution must be made as uniform as possible in order to
Suard against a shift towamd a2 pulsating zas flow which will interfemswith the

1iztribution of the amount of flow and the fi~w field structure in the flame tubes

‘mder diflerent tyres of ove-ational confisurations.-
Sec 2 Total Pressure losses in Diffusers

There are two r=»2sons for a loss of overall =»regsure ‘uring the nrocess of
Aiffusin: ooundary layer separation and surface friction. ig 2,1 (2) is a
chart of the flow lines in a diffuser passage shaved like a conic section; [ig.
2,1 (b) shows local boundary layer separations which have given rise to spiral
turtulence. 3ecause of the viscosity of the gas, the speed of the flow line s-x,
which sticks close to the surface of the wall, has the value, u = O, The flow
speed of the flow line, n, along the wall gets larger the closer it comes to the
main flow until, when it reaches the place where the thickness of the boundary

layer is %, the flow speed has already apnroached the flow speed of the main
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flow, u = 0.99‘6. Yithin the boundary layer, the laminar speefs, u, along n are dis-
tributed according to fixed laws, There is a direct ratio ( du/dn ) between the
stress caused by the viscous friction between two layers of gas which are flowing at
differemt —ates of speed, ry and the gradient of the changes in flow sreed which

exists between two such layers:
v 20 N/ .0
On

# is *he "Iymamic vizeosity" af 2 ms, The mzineerins mit s (%ze s/mg); the
physical wnit is (N s/m?). #/0 ) = v, 2nd this is called "kinetic viscosity™;
the unit for this quantity is (m°/s). Gases are the exact oprosite of liquids in
the resvect that incrsases in the viscosity of a fac follow increases in the tempe
emture of the gas, Tor =vamnle, between 20%% and 100°C, the value of ‘s for
water drops from 1,03x10™% o 0.28x10-4(kgo s/mg); in the same tempgrzvture range,
the value of . for air actually increases from 1,°%x1070 3 2,220 (5 e s/m?).
In the diffusion passage, gas can only flow by overcoming the pressure boost
gradient ( ap/a; Je The mass of the micro-masses of gas must have sufficiant
momentum, mu, to overcome the visecous drag, f=xDi-z 3 only then can it
flowe D = the intemal diameter of the tube; [:= the length of the tube. In
the boundary layers, the closer ane gets to the surface cf the walls “he lower
are the values for the flow speed, u, Imagine, in Fig 2,1 {(b), that, ~hen the

D, !_———I;—-f;-!b.
A > C' 4
i)
M,

"t
M .
[ ‘T:,:— i::
¥ P:
7T [¢
' L.,g__.}ixl- =
. . '
2.1 YERARBREZSK
Fig 2,1

1 Diffusion Passage and Boundary layer Separation 2, Main Flow

static pressure isg sufficiently high, and the flow speed gradient ( 9u/ds . ) reaches
the place vhere it equals O3 +then, the layer of gas that sticks to the wall will
be unable to flow, and it will begin to separate from the surface of the wall at
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point 8, It is not permissible that there should be a vacuum between the separated
flow and the surface of the wall, 3Because of this, the Zas which flows down against
the current and fills in the vacuum creates a negative flow speed gradient along
flow line, miy = 1(3u/3%) |, The counter—current is erroded and overcome by the sep-
arated air current and tumed so that it flows with the main current, creating a
vortical 'mrbulence flow, This vortical air mass svirals at high speed consuming

enersy. Beca.use of this there is a loss in overall pressure:

(8P*), = cb-’;— ai(1- —”u—i) ,

o does not change, so

(AP%), = "”' o (1 - F, ' (2.2)

o J':( called the "coefficient of expansim" and is related to the angle ¢f exransicn
29, Conceming equal cross sections of a siraizht tube, where A1= A2, there is no
expansion; 20 = 03 there is no reduction in speed or increase in pressure; there
is no separationy ¢ =0, If 20 = 180°, suddenly there is expension; suddenly
there is reductian in speed and separation; ¢ = 1, Fig 2,2 draws out the curve
dascribed by the values of '¢'y the coefficient of expansim, as they vary with
changes in the angle of expansion, 204 these values reflect canditions in a conic
sectin~-type diffuser, '/hen :26i= 60°, ‘¢ can be 1,2, This is due to the fact that
ther~ is sevaration of the boundory layers all along the walls of the diffusion
passage; moreover, this is accompanied by periodic pulsations; in this situation
tna sver-11 prescure i3 3%ill large compared to losses from sudden diffusion, ~fter
tve apn~le of exransim, 20, me~ches the point where it is = 40°, it is better not
+o use a straight tube for sudden diffusion and the reduction of speed; however, the -
use of such a tube does lessen the losses due to separation.

“/hen the air flow overcomes the frictiondrag of the inside walls of the diffuser,
T there is an accompanying loss of overall pressure, ' (AP')f. e The losses in
overall pressure from frictiondrag are defined by the following equation

apy =gt 2,0 D= BEDy "G

'
]




§/ is called the "coefficient of frictiom drag;" it is a func*ion of the degree of
rougmess of the wall surfaces and the Reynolds number of the intake as defined by
the equation below

" Re - 80
1 4

2300<Re < 10, 5 == 0.3164 Re®  (2.4)

Re s 10° LUE, g, = 0.0032 + 0.221Re™™  (2.5)

Zxperimentation proves that, when the inside walls are smo~th, Re > 107, & 0,004 ‘

and there is almost no change.
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1.0 £
oapif.
. 4 A,
, 0 - 'g
{ 0.4 “ & )
0.2

0° 20° 40° 60° 80°100°120°140°160°130°
. . - . ” .

. ;
H2.2 SNy ES"Y XN S HAR

Fig 2,2
Curve Defined by Changes in the "Coefficient of @xpansion”, ¥V, for a Conic 3ec=

< e

+imn-type Diffuser

There are two types of overall pressure losses that must be figured together when
they are defined by the following equations:

~po s .

dealing with diffusers;

e A e SN L

-

! AP* = (AP*), + (aP*), = Bi(1 =), (2.6)
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Sec 3 Coefficient of Total Diffuser Pressure Losses

It is nossible to use different values of the angle of exransion, 2614 in cone
ducting wind tunnel-type experiments, In such experiments, the area to be studied is
divided into parts and roving measurements are taken of the total pressures at var-
ious roints on the cross sections of the intake and exhaust; on the basis of the dis-
sritution of the amount of flow pud! A or momemtum pu'dd , it is possible to obtain
the weighted average icial =ra2s3sures '1-’* and 3: y “hat ‘s *o say, it is zossidle

o determine a precise value for total pressure loss, AP -T - .; 3 therefore,
it is possible to precisely determine the total pressure recovery coeff:.cimt.
Aerodynamic caleulations habitually take the fotal nressure lors: A.P to be severa

times the immact head or kinetic nressure of the intake, q this is

—1 .
‘Etp.a” ’

rallad che coefficiont of tot»1 nressure loss ( or, flow d=ag coef-icient) §5
using the speed of sound, a*=4p/p , it is possible to write:

o=k a2’ § q _I_Pﬁg X,
- (=) Q@
R vt
2 oM
2 ¥(5)

i - g4 — 2 ag), (28)
if one makes =183 77, or uses coefficients of speed

5A, (2.9

Ay ',d 1-
C

it is possible to me~sure t»2 ratio between the static pressure and the totzal nres-
sure in the intake, *(4), wnd determine Wi orM,, ‘e already knew 0.: so we
can simply substitute it into the calculation, Not even considering the diffuser,

e —

e,

el o’




it is possible, using the values we already know for M, and 24: o consult Fig 2.3(a)
and obtain the coefficient of total nressure loss,.§ , for an incompressible gas flow,

If one is considering the crosa section of a rectanqular diffuser, use Fig 2,3 (¢);
adjusted for the influence of compressibility, &= §K.
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iz 243
0 for a Conic Section-type Ziffuser as it Varies '/ith Changes in 1*11 and 2 6
2. Rectangular Diffuser 3, Conit Sectiom-tyve Diffuser 4. Correction Factor
5S¢ Sugdem Diffusion

s

1, ¢

In the case of a ring cavity diffuser, it is first necessary to make substitutions ,
so that it can be treated as an equivalent comie section-type diffuser; only then
can one apply equation 2,2 or use Mg 2,3, If ome has chosen a "turdine jot" dese
i plan, one has already estimated the dimensions of +he outline of the engine,

and one already knows the exterior diametexrs, 51 and D.z. for the intake and exhaust




o ' ‘

of the ring cavity diffuser as well as their interior diameters, 4 and s and
length 1 thm,

~ The area of the intake of the ring cavity is A.—i:-(b'f-?.),

-« The length of the circumference is L ~x(D.+d);
- ™e are2 of the evhangt of the ring cavity is A,—-:-(ﬁi“z’z):
- "he leng*h of the cireunference is L, = x(D, + d1);

= The int2ke Aiameter »f the equivalent conic sectionetyve

dif uger is D, = 4
L,

]

- The exhaust diameter is D, = 4_'?_1_:';
2L

- The angle of exmansian for the equivalent conic section is

go=TPianzrn (210)
=" i

Se¢ 4., Design Metheds for Interior “ialls of Diffusers

The shorter is the length ! of she diff‘user‘ the better it is, "“hen cne fig-
¢ ures out the angle of exransion, 28, by substituing in equation (2,10), it tums
out to be gquite large. In oxder ‘o r»reven®t bownd:ry layer semaraticn and to r~duce
|- losses in overall rressure, one must always employ the ~rincinle of "equal rres-
k‘ sure gradients” in the design of the shape of the interior walls of diffusers,

; The design procedure ig as follows:
(1) Data which is already known: intake area, A1; quantity of gas flow, Gj
overall temperature, T ‘* overall pressure, T"; Mach m - rer, M1, or speed coef-
ficient, 2,.; area exmnsion ratio, 2/A1; and length, ~

(2) Mgure out D1 and D2, and figure out the angle of expansion, 20., using
equation (2,10),

(3) Consult Fig 2,3 (a) and (c) m the basis of the values of M, 2nd .26, and




(3) (cant'd) after the introduction of arrropriate correcticns, the coefficient

of total pressures 10SS, 5-;01{"’

() Using eaquation (é.? ) or (2.9), first calculate the coefficient of total
- i . -ttt L b
nressuTe TecoveIy, 7.2nd B, =0’ Pl
(5) According to the continuity equation of flow amount:

G = 0.396 P14 o o 396 744UDPE 1109
T T
an

Becauseiis is an adiabatic ae~odimamic p—ocess, the overall temperature along the

o=
air na2l does not change, thot is, ‘1‘1 = therefores

A
q(1:) = q() o'—AL,’

[
(<]

te
P

mg ot precire value for a( A .,), check out the charts and 3ot vnlues
- -4
and'»)- (2.12)

Jased on the values obtained for '~ ( A 1) and. »¢( X 2):

- In*-%» static -ressure is pr = Pix(1) (2.13)
- Tvhaust static nressure is p2 = Pix(iy) (2.14)
- The static pressure at x is  p, = Pix(1,) (2.15)

Jetermine the lenzthy ! , of the diffusexr 2long *he horizential or x cooxdi-
n oy using the scale. =rirst, assume that the total pressure, ‘13: falls from
F along a straight line, x. (Fig 2,4) Calculating in this way, zny possib-

4 one might deviate on the low side can be overcome later by correctims,

Jraw out the equal pressure gradient

%‘L - %‘l - ZJ_;'_& = g = constant straight line 5, w fr + pu.. (2.16)

Since we already know the air flow quantity, G, make use of the aero=

Y




dynamic functions:

’(a.') Y(,'t)’ =z 0(39.6 JT‘ ,~ /’ P "f.’

X2 ey (L,) =m \/ ry - c s
paxriy(,) ..__.L“% ﬂ Chatrrnd

CmGVTT v = constant Qa7
0.396 =

3

‘, (10) From g .4 ane can get values for P and p,; in order o obtain
= (A x)’ zet values for l., and y(kx), r-ubst:.tute them into equation (2,17),
and figurs out T, and the cross section, Ax = =y,

(1) on the basis of this value of r_, figure out tgh, = Lo T 0L
z
then, using !260_ and M,, %o back to Fig 2.3 (a) and (¢) and get &.. -

(12) Using equaticns (2,8) or (2,9), find the value of d::and see if it cor-
responds with the value ofig, ~ostulated on Tig 2.4,
(13) If it does not correspond, “hen, one can adjust the value of.y, as shown
on Fig 2,4 and redo the calculations,
(14) Take I and divide it into several sections using an interval 4A x to
‘ iafine the secticns; <ftake the Mx value for the forward section of the exhaust and
1ge it as the M1 value for the lower section of the intake; on the basis cf this
trocedure, figure out thre variocus values of T that is ‘o say, draw out the egual
nressure gradient which 1efines the profile line of the interior wall of the dif=-
fuser,
( (15) In order to guarantee the smoothness of the air flow, one ought to use
a smoothly curving, conii~uous line to connect the exhaust of the diffuser with the
intarior and ex*svio> shells of the combustion chamber, as shown by the broken
line in Fig 2,4, In oxder tc improve the tecmical characteristica, it is best to

i .
2
i

2 use a Segmented, rounded arc in order to piece together the line which defines the
. : form of the interior wall, When one considers the "displacement thicimess" of the
i % boundary layers, it becomes aprropriate to enlarge somewhat the cross section ~f the
"’ exhaust, Az.
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See 5 Influancas of Tivarzion Jub-suxnt-ces on Cavity Tiffusers and Combustion

(1) Because of the limi*aticns cn smace, -he length,:/-, of =ing cavily dif-
o
26 >=. 1073 -~herefore,

-

fasers is var short;  the 2quivalart 2nsle of erransien,
the boundary layers on the interior walls vill certainly expverience separation, and

there will be formed vortical turbulense flcwy ‘tecause of ‘hig, the ftotal »ressure

losses, Aqf are very large. Zven if %the systiem is in a state of stable operaticn,
the axial flcw (or centrifugal) compressors, due to the power added by the blades,
cause the flow speed distributions in the intake of ring cavity diffusers to be extremely
‘mevemn in both a ™dial z2nd a ecircunferentizl iirection, On ton of -ais, after
the ‘furbulence flow caused by bowundary layer serarction inside the diffuser has its
effect, the Aistributions of total pressure and quantity of flow in the exhaust will

be even more meven, This will influence the air intake of flame tubes in a way
which is distributed according to predetermined proportions as well as influencing
the intemal flow field structure of the flame tubes; because of *this, it will also
influence combustion characteristics.

If one chooses an "appropriate location" on the inside walls of 2 diffuser and
cuts a ring-shaved trough, then, bores several air holes in it, connecting them to

a vacuum pump or to - a telescoping jet apraratus in the tailpipe, them, it is

30
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possible to draw off sensitive boundary layers and prevent separation and the forme

ation of spiral flow pattems, thus improving the exhaust flow speed distribution

("'ig 2.5)0
The width of the ring-shaped trough for drawing off the gases is 0,25 (cm)e

and its depth if 0,63 (cm);
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Mg 2.5
1, Diagram of a Plan for an zxperiment in Drawing 0ff Boundary Iayers in a Short
Ring Cavity Diffuser 2, Amownt of Air Extracted Through the Outside Yall 3, Amownt
of Afr Trtmacted Through the Insiie “all 4. Radial Distribution of ntake Flow
Speed 5, Outside all of the Ring Cavity of the Diffuser 6, Inside Jall of the
Ring Cavity of the Diffuser 7, Ring-shaved Trough and Suction Holes on the Outside
Wall 8, Ring-shaped Trough and Suction Holes on the Inside Wall 9, Peed Line for
Fuel in Gaseous State 10, Brace Assembly 11, The Outboard Set of 48 Vortical Flow
nanisters 12, The Midile Set of 40 Vortical Flow Cannisters 13, The Inboard Set
of 32 Vortical Cannisters 14, Exterior Wall of Short Ring Cavity Flame Tube 15,
Tntertor all of Short Ring Cavity Flame Tube 16, 16 Gas Suction Tubes, Cutside

a1l 17. 16 Plexible Hoses on the Inside Wall for Gas Suction
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On the interior walls, each trough has drilled in it 440:é¢ 2,4 gas suction holes;
the gas suction ares = 39.4 (cm-); the volume of gas drawn off, X, = 1.25% of the
intake volume; on the exterior walls, each trough has drilled in 1t 480 $ 2.4 gas ]
suction holes; the gas suction area = 43 (cm2); the amount of gas drawn off, X =
1,1=%5 of the intake volume, and the total amount of gas drawn off, X = 2,35 = 442555

L of the intake volume, 4
Ta» the forward ring cavity of the intake of a diffuser, the exterior wall dia-

metar is ¢>,°, and the interior wall <iameter is b 43 the largest diameter of the
remtussion ShanosT is Dm = 106 (cm), and the overall length , L = 51 (em)e In <his
case

L/sz _l.;
. 2

The 120 voxtical flow canisters are arronced in three concentric r»ings—— *he

su*zide, middle and inside., In order to eliminate the influence of the vaporizatieom

-

sl 1imnid fuel, during experimentaticn, 2 ratural s2s containing 93,87 mathane

used as fuel, This natural fuel was distributed among the vari-us ducts and fad into

e

+the vortical flow cannisters; there was igniticn and combusticn, wd the exhauist

an

fram +he vortical flow cannisters became the main combustion area for the "spiral

S1-mes,” The secondary combustion area and cooling area were both greatly shortened.

The angle of exvansion of the exferior wall of the iiffuser, 6, = 25°; the ?
angle of exmansion of the interior wall, E: 15°; and, they are not symmetrical
' :i4h resnest Lo the center line of the ring cavity, Decause the area of contact ﬂ

hatween the sutaer ring ravity and the air flow is large, the viscous flow drag is

large, “he Sl-w smnaed is low, and, thevwefore, when simulating high altitude flichit

at low soeed, “he major vart of the intake quantity, Gy passes through the innex
< ring cavi‘y and does not pass through the vortical flow cannisiers, In this way
24 iaq =277iRla 49 arente a rich fuel miviurs in the m2in c-mbusticn area and
wiien *ha Tlamescut *hresholds, The mar-met2rs obtained from combustion testing
to simulate “"crmising” and " hish aliitude flameout thresholds" are presented
helow:
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1, State Seing Simulated 2, Cruising 3, High Altitude Flameout 4, Total Intake
Pressure 5., Overall Intake Temverature €, Quantity of Intake 7, Reference Flow
Sveed 8, Fuel-to-Air Ratio

(2) ™e Measurement of Parameters and the Calculation of Capability Targets

Ring Cavity Dif‘user Intnke: "ie already know the area of the intake, A1, the

s
nuantity of int-ke, 5, 2nd we can measure the total nressure, P1, the static pres-
M
1 ’
squations for 2erodynamic quantitiss of flow, figure out 4 1e Acéording to critical
* .

surey p,, 2nd the ovarll temperature, 7@ can then, on the basis of functicnal
sonic equations, a.*-.: 18.3’«/ ?f-?_ _*. so we can figure out a or the scnic a., Because
of this, it is Dossible to deduce the averzge intske flow spe=d ?1"1 ='L~2a* (m/3).
In these experiments, M, = Ce2 V0,5,
Ring Cavity Diffuser “xhaust: We airendy know the arez of the exnaust, A, =
— 2 <

o}
~7%0 {em ), ie Tove monsmred the toirl nrescure, P, and the cvarall lenn raiure,

a-.+ i bd 1‘
-A- “’,,, en *he hag’sz ~f cont’nuous {low 2quations, it i5 -os57ikle %o chtain values g
A
Tor .q(h. }3 we can i the value of 4, Srom the chart 2nd deduce fhe aver-o» arhaus®
*
flow speed U, = 4., a (n/s)e In these experiments M, = 0,05~ 7,15,
2 X

Ring Cavity Combustion Chamber Zxhaust: Using a suction-tyre {~l2tirmm < niae
tinum + 13% vhodium) mobile, sumported thermocourle to *azke samrle measutratents 2t
scattered noints, it is rossidble to obtoin the cverall tempe-aiurs, -ZT*, 2f the ov=
naust cn the tasis of the flow distribution weighted average, Using the same %tvme

of scattered re-dings, i%t is possible to obtain a weighted average for the total

exhaust nressure, .P_:. Cn the basis of the amomnt of fuel surrmlied, G,y and the
amownt cf ‘ntake, G: minus the amount of gas that is drawn off in the‘fo::n of boin-
dary layers, $% it is vossible to figure out the fuel to air ratio for the whole
~ambustion chamber, £ = f/(1 - ‘() G,

“'a already ‘qicw f (or,L )y L and 3;; Yy chacking a “able or graph, we can
get the averaze snecific heat, c 5 °

We already lnow the value for +»e amownt of heat contained in each kg of gaseous *
fuel, H , and, based on the relationship fH - (T5—T3) 1t is possible to
determine the "ide-1 overall tempe-ature", T (K). for the ~ombustion chamber exhaust,
In this experiment,. the average overall tempera.tu.re of the exhaust, "; 1230 (X). :

Through manipulation of the movable suvrort apraratus, it is possible to take
scattered readings in the exhaust which reflect the radial and circumferential over-

» *
all temperature distributions, r and ,9 T3= £(r) and T3 = f(rg;); it is also




»*
possible to record the highest temperature, T3m (x).
The calculaticns below then become possiblet,

~Combustion Zfficiency Fs _ Ts -
qm= __....z. x 10075
ll I M

=0verall Temperature Fizld Form Coefficient

T. - T;
(2} Raml*3 of Ixperimeni-ti-n and Dizcussion
e influance of the drawing off of toundary layers threugh suctior cn combug=-
Tim o 2flinimnr, g, Lzothom I Tiz 2.5, In this illusimition, the avermz: overll
tammeriure of the combustion chamber intake, '”;‘,, 3c0 (¥), simila%ing a conditicn

ac~-rhachins cie Hhreshold of rich altiiude flamecut., " hen there is no suction, X =
Y as r~omrarad with .‘{°= X4 for the gas sucl'nd through the exterior wall: when the

-
¢ overall intake pressure, P2' (kg/cm )y the combu.stlon efficiency,: " s when there
is suction as compared to when there is no suction, rises from 68% to 1005 when
-
2, ig reduced to 1,35 (kg/cm'), the abgence of suction causes a flameout, and % = O3
IN‘ T 1 P
%
80 w.
« a1 A
* 60 /lgr )
= i
5, A1 4
i X =04 fl
5 . q_g 0 l/ / /3x.-2.5°s
R - | 7 o X=5%
. AXgm 3%
. 20 f
' 10 /
¥, < Pr
: . B0 1713 1415 1,6 17 15 19 20
{ . Lyt gd g (ke
s 02826242 20 18 1% 15 o
P ot E26 medxm s g mEm
4 Pig 2.6

1, Influence of the Amownt of Suction, X%, on 7 2. Overall Combustion Efficiency, Ay 6

3¢ Flameout 4, No Suction 24

\
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however, with suctiomn, combustion efficiency can still reach 66j% ‘ith suction, ane
-k 2
can make further reductions and still not get flameout wntil P2 1,05 (kg/cm” ) and

9,2 30 (m/s). This proves that if the amount of outer wall suction, X6 , in asym=

netrical diffusers is chosen correcily, then, it is rvossible to postpcne high altitude
flameout and expand the stadbility btoundaries for lean mixtures, If cnly gas sucked
through the interior wall, Ki

efficiency., If there is suction through the interior and exterior walls at the same

= 2,54 there is only a small inprovement in combustim

time, and x, + x = X = 555 there iz an improvement; however, the results are not

13 T27d as whem mmly Tuetion thravsh thae avtasior wall is invalvaed, The vwesson fer

AN

o~

+thig ig *hat the angle of axransion for -he exterior wall is large; the angle cf
expansion for the intarior wall is small; even if there is no suction, and X = (o
there is alre=ady seraration alung itn2 e~xtaericr wall of the ring cavity flew math;

the mdial flcow ste=d distzitu®icn iz already Taster than “he interior wall flow

spead, arnd itz velume of 7T i3 meter,  The small amownt of muction through the
~tprine wall far-at cten e e lftmatiom a2 cley howevar, a iiminm=ion in

sucticn fhrcugh tha evsericr ol ~an w03t 2riiinly eliminale serarn-icn and cause

LA srp mwma s ST Akl Tk T i m L s ar T s sl e D T e T by A L,..,..
22 Tl omzondi ilctrimtion LT it ats) nis fact, there
> : v : B . R - - i —~ . -~ . +
I fmmroveorant o chr imvr o LoLrl. Tar fha thrsa rinss of vortical flow

£ JRPURC . - AE el e P K 3 A Al A h - Fa] E R P}
sarnistars "nd in “nhe fiscolTullon 8 Loeil aliretnerus? etics,  Cemzucticn 2l 7icie
noyy £, Lo onlcowde o n;mdosmiollloy L3 lnmeerad

L

™.

.
“ - P ] -~ - & - - . —~ - 3
2 layecnt o fhe arranononi of e shroo nings of vor 221 £lew cannisters

alsg nonfom “4melf o *he wwbanizt flow fleld of *he wing aovidy difluzer,
The distange between the inner ring of vorticel flov canris®ers and the inner wall
as well 23 ihe iistance hebturan ko ~iddl2 7i~g ~nd innar -ing of vortical flow
cannisters shsuld “c*h Te romerhnt larser than tha 1isionnae hetreen the nidile rirg
and the outside zing or “he outside

suetion, this causes trhe miidle ~i:r of vorticrl flow connisters o do everything

»ing and the cutside wall, “hen the=e is -o
Po33i2le to ~ravent a3 zhortne 2f i,

“he Tadial dizizitutiomn of 2~ -11 Yomparature ‘n the exhaust of “he ~ontusiim
chamber follows chanzes in the amownt of suction, X% (Fz %.7) “hen in a state
designed to simulate "eruising', the average overall temperature, F;, of the exhaust
of the combusticn chamber equals 1230°K, the average overall temmerature of the in-
take, "Ig = 589 (K), and the overall "fuel-to-air ratio", f = 0,015,

If one ref-rs to Mg 2.7 (a.), the amount of gas drawn off from Vof the inter-
ior wall, X = 1,25%; 4if cne eliminates the boundary layer separation frem the inter-
ior wall, then, the flow along the interior wall is wnimpeded, and the amowmt of
the flow is increased; because of this, the amount of flow along the exterior wall
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is reduced. As a result, the peek exhaust temperatwve value moves out towaxd the
tips of the blades, The field pattem coéfficien;, &, goes from a value of 1,47
when there is no suction through an increase to a value of 1,75, This is because,
when there is no suction, the middle ring of vortical flow cannisters is already ;
short on air, and the local fuel-to-air ratio deviates toward the 'rich" side;
besides that, the amount of air flow which suprlies the middle ring and comes
from the suction through the interior wall is even less., Above the r2dius of
+he middle ring, *the air flow temperature chows a deviation on the high sides
ma2low the rading 2L <he middle ring, it shows a deviation on the low side; *there=-
fore, the efficiency of combustion, iy_,, contrary to exvectations, drops to 39%
£»om the 96% which is its value when there is no suction,

then the suction A. of the cuter wall, Xo = 1,1%, -‘;he result is the exact
cnmosite, The reak temperature value for the exhaust, sz s mMoves toward the base

-

of the blades, The temper~ture at the base of the blzdes is raiced aprroximately

~
cNA s

T as coirared Zo nen there is no suction, and *the temnamture at the iis of
the blades is reduced avproximately 284°C, The major portion of the air intake
sunplies *the area above the middle rinz of wvortical flcow canristers, $n ariex 41
innrove the ~omhistion situation, The field mattem coefficient, 8, 3till eq-als
1,7%3 however, the of iciency of combustion, ¥ , is raised to 98,5%.

Reforing to Fig 2.7 (1), suction on both sides causes the peak temperature
: values for the ehz2ust to aprear in the area of the ring cavity about half wey up

i3 hfeight. When there isg no suction, the center ring of vortical flow cannisters W

7111 alrezdy te short of airy if the suction starts up cn both zides at the same

tize, the midile ring will be even shorter on airy therefore, the tempers*ure of ﬁ
( th» middle belt of the exhaust will tend toward the high side.

The offect that suction on both sides has on combustion efficiency, # s is not
~ocd, and *he fiz213 ~attsm coefficient, '#, ~1-0 shows harmful changes., The rezscn
fs» *hisz i3 that “hiz 4yme of suetion causes the distribution of air {low %o the

three rings of rortical flow cannisters to be uneven, differences in concemntraticn

paptiautiy Aot
.

to be large, and *he ~hole efficiency of combustion, # , to drop. Besides this,
suction an both sides causes the main flow to be very sensitive, suf“er somevhat from
the effects of pulse interference, and immediate changes in the distribtutions of the
amount of flow and flow speed cause instability in combustion.

The overzll amount of suction, X%, as it affects the total pressure losses
(1=¢?) in the intake and exhaust of the combustion chamber is shown in Fig 2.8.

. -t
The total pressure of the diffuser exhaust, Py = 2,13 (kg/cmo‘); the overzll temp~
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erature, T2 = 590 (X); the Mach number of the diffuser intzke, M

4 = 0.28; and,
the Reynolds number, Re = 1.93{105‘\/ 3.3x105. In a cruising configuration, exveri=-
ments that have been carried out have led to the conclusimm that: suctien eon
prevent or control Roundary layer seraration, meduce total pressure losses, and
improve ccmbustion characteristies; e\%’“’c’ﬁe vositioning of the suction and

the amount of the suction must be aprrovriate,
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X, - 1.25%: AMERM K 1.1%; O § = 1.47, fm=
96%: @ &-}is.r‘;-”%; o 85m=1.75 H=98.5%,
782.7(b) ML EAEM: & X, =0.95%, X¢=1.2%: O
X;=1.96%, X,=3.14%: O K¥E%, Sm1.47, 7jm96%;
a X=2.15%, 6=1.63, im0 Q X=5.1%,6=
1.89,7m93.80; H=REMREIBTO2EAE, 0<y<H,
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Fig 2,7
1, Deviation From the Average Temperature of Exhaust 2, y/H S5 of the Exhaust Height
of Ring Cavity Combustion Chamber 3, Outside Diameter 4, Thilateral Suction.
5. Inside Diameter 6, Suction on Both Sides 7. Figure 8, Influence of Unilateral
Suetin 9. No Suction 10, Inner Wall Suction 11, Outer “Yall Suctian 12, Influence
of Suction on Both Sides 13, Radial “xhaust Height of Ring Cavity Combustion Chamber
14, Radial Distance 37




L]
% I~
P, Q
\
< hv.\J.
3 3
0 1 2 3 4 5 P
x%

]
BZ-%_QH"CIN ESEREVEN
(0 RURMBUM: o WA, 1 =0.015; RAEMK:

AP* = Py - Py = P(1 - 2))
Plg 2.8
1¢ The Influence of the Total Amount of Suctiom on the Total Pressure Losses in the
Combustion Chamber -, Data obtained from Air Flow Tests Without Ignition 3, Yith

Tonbustim 4o Toial Yressure losszes
3ec 5 Jrecial Charncteristics of Sub-surfaces

(1) Boundary layers, as they flow along the walls, can divided into laminar
f1:w and turbulent flow. Because there are vortical masses in the turtulent flow
which cut across the flow and diffuse, exchanging energy and momentum¢ turbulent
flow boundary layers ave usually somewhat thicker than laminar flow bowndary layers;
~hn-~e turtulent Mlow Yowndary l-ore~s ean withs*and relatively higher vressure grad-

:.aua 1ithrut exhiviting se~aracicn,

{2) The laminar flow voundary layenrs get thicker as *hey flow almg their
ccurse, or example, if a laminar {low voundary layer is flowing aleng 2 flat surw
S~ce from the forvrrl edge tc a place 100C (mm) down the flow, its thickness at the
nd of the mm, 2% 5 (m), If it receives pulsating interference from the main
Jliy 2 laminar bomiam larer can tum into a turtulent flow houndary laver an? ine
its flow irg,

(3) In the main flcw, *he flow speed in the normal direction is distributed
avenly; the cross current sveed gradient, OU,’ayao: s therefore, the viscous
friction stress, ¥ , can be ignored; hdwever, in the boundary layers, changes in
flow spe~d are great; the flow speed gradient 8u/8y’ alang direction y cannot be
igmored; because of this, one must consider the stresses caused by viscous friction;
however, when flow speeds are relatively slow, one can ignore compregcirility, that
is to say, lpaf a constant,

(4) The static pressure of the main flow, po as it exists along the normal

~vaaza

fem e mira a — s

|
!
f
i
f




line y, passes through the bowndary layer and straight on to the surface of the wallj
because of this, the rate of nressure change, 0;/5;. s along the x coordinate is the
same in the boundary layer and the main flow. B .

(5) As far as the two-level boundary layer displacement thickness, .J:‘ is con~-
cemed, if one locates a certain point A on a wall surface, then, the bowndary layer
thickness at point A = & (Fig 2,9).

Surmase *he flow speed of the main flow in direction x at a roint outside the
homdary lave~ which corresronds to roint A = U, then, the flcw speed inside the
Barmi-we Tavan, w, 2long nomel line 7y, changer Trmnu =0 tou =T, Hewever, I
*here is ne viscous friction d=»g, then, there is nc howndary layer, and, necessar-
ily, flow sneed, u, 2lcng direction x of thickness & should not be reduced, but should
"luarg he enmal 40 7, Surrose one Arops 2 perrmendicular to the surface of the il-
“atmtim o rith a lngth = 1 (o7 scme unit of lensth)., Then, suprose one sets
<ain~s ur 3o -hat he distrituiim fwnction, u, aleng y, is equal to £(y)e In such

m2.9 :m%mﬁg ﬂ
Fig 2,9
1, A Two=3lement Bowndary layer Along a Curved Surface 2., Main Flow

‘e

if one has 3o coentnd with botlk riscosity and bouninzy layers, then, there iz a

2238 {low e of § 2 1 avary s2cond, and

T wr gt
.

- A= Y pudy, (2.18)
1

if one discounts viscogity and boundary layers, then, *here iz a mass flow rate of

2 31' and

T — oy -
it v N

, b [
5 vy, - L pUdy;
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therefore, because there is viscosity, a9 the actual rate of mass flow through 3
every second is diminished so that Ay == sig;~—1it}

ah = oy — 5' pudy = [} o(U = way

Af - pUs*; (2.19)

Tat ig tc say *hat, Mecause there is viscosity, and the wall surface oroduces fric-
Tim sTTess, ‘fo, it i3 as *hough the ~all suzfice has saneezed inward a cerizin

distance, &*, cauging the passageway to become narrower. Recause of this fact, the

actual amount of air flow, as compared to a circumstance whgz there is no viscous

fricti:n imag, 15 reduced to an amount, A G, Therafore, .a: is ¢~lled the "disvlace-

Ment *hiclkness.” (n *the basis ~f erua*ien (7,19), one can say that

’ * 1 (% . (33 u s
displacement thickness.’® = Eio (U —uddy = gc = ?)dy (2203

In oxder to get the integr:l for equation 2,20, cne must kmow the laws wnich
govermn the flow speed distritution inside the bewndary layer, u = £(y), as wel” -5
the thickness, 8), of the boundoxy layer, If one i3 concemed with 2 turbulent flow
bowndary layer, it is vossible to use the "aversees time rarmeters" ?I. md 3, a%Ce
and still be able to obtain the av-mze tino lacement thiclmess, 6*, ~n -he
hasis of equation (2,20).

(5) ™o-Ilement Zoundary laver Momentum Thickness, 2

Refering to Tig 2,9, the amownt of movement through.d along direction x each
second is epresented by _S pu’dy. .

9
Tven if cne supteses that thers is no viscosity, theve is still zn acthal . rasing
through in direction x, and this amount of motim, M = Um; therefore, ‘ecause
there is viscosity, the amownt of movement or momentum lost when . s passes through ’
is descerived by the followings

-

AM = M, - -U] pﬂdy—i ’ly’
- S:pn(U — w)dy = pU3%; ~.  an)

-

% increases in thickness along x, and the amount of movement involved loses thiclkness

40
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9= S' 2 (1 - -‘l) dy, U3 = -Y w(U — wdy; (2.22)
[ ] U U . . )

That is to say, because of viscosity, flow speed distribution within a bowndary layer
decreases from the boundary, %, with its value U to the value o_f u on the wall surface

which isw = 03 although the rates of mas: flow,™ , through.3 x 1 are 211 the same,
que

it is as *theugh the wall surface squeezes in a Aistonce:® toward the main flows

‘ne actial air flow loses an amount of momentum, Al!ll, as ccmrarsd ‘o

an 2ir flew vith no viscesity., | §>8°> 9, 8%/ =H>1, i3 called the "sreed

- S - e
pro BEReRe hilie BERRaN o Jae i

mattem template,”

Sae T Tntaol Thquations for Momentum of Dual Turbulance Sub~surf-~ces

If cne suvroser that he is dealing with a ncnestandy staie, iwo 2lement, ncn-
compressible turhulence bomi~ry lnvar (Fis 2,19}, mermaniisular <o *r2 murfrer of
* { af ome unit of *thicimess,;
fs = the visccus

= “liem fra

the illustration with a dimension =

thickness of ¢ “ovndary layer, 8, 7aries with changes in x.

-
friction stress of the wall surface (1/m”),
Pirst one iraws out a dAifferentiation control area AXCD, At a given inst-nt,
1, the flow speed of a certain point in *he bowndary laysr, u = u(x, 7, t), and

tre 4iffarentiated volume within the control area = dxdy « 1,

The macs flowing in from side AB is
8

m(x, 1) = dt Sopud)':

v T

y | HER AR
3

1
§2.10 HERRASARRE(FX)
Mg 2,10
1. Diagram of Integral Zquations for Bowndary layer ("nlarged)

2, Bowndary layer Limit




The mass flowing in from side CD is

.. e
on(zs + dz,2) = m + Omye =as S'PMY
dx o

P ——a—-s' ud)d .
f-"—&d‘ s 3’ y)ees

he difference between the masses entering from side AB and CD is
e 5 (*
m(x + dx,8) — mxy2) = deds —a:§v pudy;

The wall surface is non-nermr~ble; +therefore, it is necessary for the air flow

t g3
(e lfms) .
- Gx e ¢ ceme in from side AC and refill the romirel areas,

The momentum of the air that flows in throush side AC. U(dt dx - aa;S: p“l,),

o

s - -
The momentum of the air that flcws in “hrough sids AB g puldy = M,
[]

il

0.

it

The momentun of she air that flows in through side D

The momentum of the air that flovs in through side D = M +3 g
L3

S' 2d d d d - ’ 2
- u
op ydt + dxd: Sopudy,

Therefore, ithe nomentum of flow from ASCD almng direction x = j, 4 _a_S‘ pudy
Or Jo

?
.

(2.23)
} 8
» N
i > Conceming changes in the momentum alcng X, if t = time t, the diffenential momentum
" of the control area dxdy. 1 = pdxdy.u 3 t = time t+dt, and the momentum of the
i
[
IS

o
*
.

a ’
— Udtds ——-S pudy,
Oz Jo

Aifferential dxdy . 1
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. O )
- = ede)dxdy- 1,
p(n-l-a‘ ey

The increase in the amount of momentum aleng direction x which occurs within the time
interval dt inside the differentiated volume

or

“he increase in the amount of momentum in direction x which occurs within the time

in‘erval dt inside *he zcntrecl area A3CD

4 3u
- — dy. 24
pd‘d‘ Sﬂ a’ y (2 2 pi

The Tt2 ¢f change of acrwentum almyz ‘irectim x per secord should be equation (2.39)
+ (2,40) once again 4ivided by the time interval a4, that is to say,

JM - ._a.g ) ig‘ 2 — —6—5'“
M pis (! 204y 4 pas (2 (\ity ~ v 2 | uay) (2.25)

0 cne igneres or-vity, Shen, th2 evt-mal Sorce:s azerted on suxfoce AB = 4+ pd,

(values in the direction of the air flow have a nositive sign);

The extemal forces exerted on surface CD = (P + %43) (8 4+ d3)

% —pd — Jdt%s - p_da,

The extemal forces exerted on surface 3D = ='7dx 1 (+re viscous
friction dr>g of the wall surface)j
As far as the contact between the surf-ce AC and the main flow goes,

if one ignores the viscosity, ®, then, the force of friction = O,
If one assumes the average pressure received by surface AC to be p, then, the
force exerted on surface AC = Pds « 13 the projection of pds in direction x =
(pds) - %’- -pds, d3/ds x ga
(Fig 2,10), Therefore, the total of all




the extemal forces exerted én ASCD in direction x is:

ZF=p6—p8—ddx§f—pdb¥rodx+pa’8
9
- —ddx 55 — rudr [N] (2.26)

Accoming to the princivles of Newionian momemtum, if equation (2,41) is set equal
to (?.42), ome gets the differential equation of momentum for non-stable state, two

alement fturbulence flow boundary layers:
du 9 S’ [l X’
—d _— Hy - U — d
Soa: A U B J
-—292 _ ¢ [N/m?] (2.27)
Ox .

Tronm this acuzatin cne can infer four wnimown tuantities wel=atine to tomdary
larar flow 2t an ‘nst-nt, %4 ¢ the flow speed, u, in direction x; f=ic%i:n stress m
& ?
21a wall surface, f-o; the flcw sneed, U, on *the bowni-r- lines 3L Ya mmin flow and
*re mrinein~les which omnnect it with pressure, p., The inderendent v~oriablag are the

ins*~nt of %ime, t, and the coordinates x and y,

3e¢ 8 Analysis of Stable St-te Dual Incompressible Turtulence Sub-surfaces

(1) Method of iAnalysis

T4 is for the lack of only four unimown anantities that we cannot solve the
arztin (7.27). 3y the skillful use of "averaged time" parameters, such 2s U =0 + O,
u=a+u etc,y it is possible to use non-steady states in the role of s%e-dy s.tates
in cxdexr %o 2nalyse air flows, tha* iz’ 6|u /3t =0. The main flow can furction in
a2 20lz ¢f non-viszcons "nesition=l flow™ o= "roten ..ia._ flew" in crdexr %o mandle the
1nalysis, IL one already 'miows the rarmeters, ‘I-’? ’ 11, p.' and N for the -hare of
*the 4iffuser nassage and the intake flow, ...en, it is vossible to figure outy cn the
basis of the "potential flow" the values of T and. 67 / 8x for the main flow. This
quantity, ap/ @ X, is also the pressure gradient for the boundary laysr in the direc=
tion, x (See Sec 6(4)), “itnin the boundary layer, it is possible to think of the
density, ».y a3 bYeing unchanging, that is to say, to ignore any compressibility that
might be involved (See Sec 6(3)), As far as the friction stress, It o of *he wall
surface is concemed, it is not possible to figure this quantity by using once again
enuation (2,1) from this chapter, Because of the fact that, within the bomdé.xy




lay-r, there is no striated, non-turbulent, laminar flow, but, on the contrary, vort-
ical masses tumbling over one another and pulsating, the value of the viscous fric-
£Ton drag involved is very greatly increased, Due to this fact, it is only rossible
%o indnce experimental dzta in order to obtain an empirical formula for figuring ..
(2) "Speed Patem Teqxglace"“cua.tlcns for Turbulence Boundary layers
“/hen one is considering a steady-state, non-compressible flow, then, in equatim

("e27)s é%! = 0y and } = a constant; because of these facts

A gy — s S sy = —a 32
° dr goudy oU dx ‘{.\ny 7 dx g

 (2.28)

(The main flow, U, and ) are unrela.ted)

I the +wec Suncticnal nweducts are Aifferentiated ovar x:

d A =,jﬂ£§' (].!_S'ud :
'_[U S“d’} e ot Tl @ |

Considering the main flow, the Bermoulli ecuation can be diferentiated to become:

"!Lr- plI——-,/. S ()

U i3 simrly 2 fune-ion of x3 it i3 not vel~%ad 30 1y; therefere,

a-uj -jwy, L ®

If ne take (a) and (b) and substitutes them into equation (".28), it is possible to

~~% the follewing: 4 e
B L\ way—p 8yl - dUufr .-
P S.udy pk[f{ Sl.ldy]i-p_-—-j.n‘.’

dx
w ...S_?:,'hi (d)
; '--vk -.b—‘.'
Using (c) and (d)
My e

} €0 < way ¥ p 88 Lu(U S ddy = oy

Using the displacement thickness, 8%, and the momentum thickness, s , (See Sec 6(5) and
(6) of this book), - equation 2.29 becomes: _

dU
PU;‘;J‘+9—;‘1—(U’9) =g,

This can be rewritten as follows:

45
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i3 . 9 U _ % yhere H=1>1
@ TG T T T T
\(2.30)

(3) TZstimation of the Boundary layer Thickness an a Smooth Surface with No
Increase in Pressure as Based on “mpirical Formulae

The 1iffarmmi woimdary laysr thislmesses, which all have dif72vent me-ninss,
8, 8* and ¥, 25 well as *he fricti-n stvess of the wall surfaces, 'f.o, are 211 Sun-
ctions of xo On the basis of wind exverinents with tubing and flat surfaces, with-
in the bouniary layer -, the Iistrivu*ion ¢f flow s»e-d, u, 1™z nowal lire, 7, icu
equal to £(r), ~hith can bYe wervosapted b the enrizie~l fovmla nresanted belews:
the empirical formula for flow speed dizt>ibuticn is

B_=<_’_)*, n=2,3,5,6,7 (2.31)
v \2

“The empirical forrmla for friction stress is

LI 2V ,= gt g7 (2.3
;,}1""'"2’(1;,) v =icjaedict n =7: (23

Ify in the main {low, the static -ressure,?’, in direction x does not ~han-e,

and, if one sets n = 7 in eomation (2,31) 2nd, then, substitues this in*o arv~tisns

o

(2,20) md (7,22); after integr~tion, it is vossible to arrive senarately at
, values for the displacement thicimess, _‘.‘ra%- 3, and for the momentum thickness & =
< Iy 2. (2.33),

Assuming a smooth wall, from the forraxd edge to the lcwer -~aches of *he Tlow

i N at a roint, x, within the boundary layer, because of the necezsiiy to overcome the
'“ viscous drag, f, before there will be a loss of momentum each second,
. . .
| & A= ‘ff.'?(,?...,‘. n)fys . r.--‘ ¢ :
g 3 however, d 1
I -
: therefore, the friction stress on the wall at a roint, x,

)

.
N
1

)
3
B}




Using (2.22)

= 92, ) (2.34)
L dz P dx

Comparing equations (2.32) and (2.%24),

1
T 4% T 48 _ 4155 (_*_’_\‘ (235)
pU*  dx 72 dx va/

Utilizing “he boundary conditions: letx =0,8 =0 (Fig 2,10) using the integral

anuation (2,%5) we get the following values for a flat surface:

~2owmdary layer thickness
5 =037 (—%)’* (236)

-2isplacement thickness

4
1 -
5* = 0.046 x’(g-)']" (2.37)
»
=i’"aentum thiclness
-1
9= o.ossx‘*(g—) ; (2.38)
- »

It is vossibls o Tizure 6. on the basis of esmation (2,37) for axisymetric flow fields

in passages with egual cross sections and , consequently, possible to anpropriately

' expand the crosc secticn of the exhaust,
(4) Ascertaining the Conditions for Separation of Turbulence Boundary layers

Conceming the drop in speed and increzse in pressure which one finds in an
expansion pAssage, ‘there is a vositive pressure gradient dp.//4* , and one cannot

4 use _1_ =l as the exponent of the empirical formula for the distribution of flow
n T

Speed in *urtulence {low bhoundary layers,
Assume that the flow speed within a boundary layer equals u(®. ) at a place where

i
. SRR

;..'. the momentum thickness is’'®, and assume that the total pressure at that place is P (<®.).
N *
. Ignoring compressibility, the total pressure of the main flow, P, and its kinetic ]
}_ ' pressure are, respectivelys PP=p+ % o, . .

- Tgm Xt
F q z»PU’ _ )
F 4 . (2.39)
El “ - . +
', . The total pressure, P (.9)) at a place ? within a boundary layer <« P, Co
b PP(9) = p + o w9 | o
», ‘ - E

- 3,
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Because viscous friction at a place~3-:. causes losses in the total pressure,
1 (s

In the equat ionabove, the corfficient of speed rattem losses in total pressure,
n=1w "f{“’) % is a function of H,
Maling deductions from experimental data, one arvives at ‘he speed rattem template,

H and its relati-nshin to 5 , as rresented in'Fig 2,11,

— (H~=L
7= 1. — '-__F_’___l._] '(2',“)
LHCH + 1)
.4
- 5
‘Le speed rat-em t-mrlate H = e > 1.
BUTTTT T
-~ T * !
B
T =
20— J% e
19 e
‘.:—%J - J_‘ﬁ[ '
£
1% 16— Tt 7
o’ | '
15— i
1.4 byt +
e /A
1.2 L :
11— A
1.0 et I S
001 03 05 07 09

-

:‘ig ':.1 '

The Cuzve De ining the aiorshin Beiween *he Sread Fattem Template, H, and -9

“hen ¥ =1,2, and 3 = 0,3, a t1thulent bounfary layer Yegins to separate,

() Tisuming %he e-amti-n Fcint, S

The Rermolds number at ke -lace 9 , Re(9)) = 9:;?—-6 X 102~5 x 10%
The viscous friction stresses on the wall surface are as follows:

o gt (9) = [==0.0128, orfe -;( ) * (242)
pU? ‘oU
If one substitutes equation (2.42) into ecmatimm (2.30) me gets the following:
9 U _ .U}
A - K._;_. |

+( +H)-L g
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(Ql"-)*-‘:— (Ua) (2+1L1)s JU - (243)

Aecording to the principles goverming potential flows which have no viscosity, and am
L . 3 L 2

the basis of the parameters, P,1 ’ T1, 2. and !{1 for diffuser passageway configuratiom

and intzke air flow, ane can first figure out the laws which govem the way in which

4au vary with changes in x,
dx

the mmeed of the main flow, U angd

it

If cre temrorarily supmoses the speed tatiem template, E = 2 consitant, =n
is a complex parwmetier,

(2.44)

the liinetic viscosity, v = a constant; <hen, suppose thers

2 = St pies y vhich varies with changes in x,

42 _ 5 .4 m-l[(l].?)l a9
dx 4 d:
+ g})‘(z +m2 "U] €2.45)

5 1
If one makes m -7(2 +H)"‘; , & comparison with ecuation (2,43) »evezls that

a0 5 S" 5 -
—_— . "1,‘ 9 b T — U" C 2-46
Iz 4.b v s . "3, ; .‘x } ( h)

Houvever, from eruation (2.44),

= P )
0= ,,'}, 9% ,U% peetn-i g 3(27_9_) U= (247)
- . '. - <.\ ’ .

I7 one carmares equations (%.4€) ang (Z.47) and consults Fig 7,12, he will ser the
SRLIE. o7 o APy £ N SR
4
(”’) Flizeme ] TRy
Taling L= 0,0128, and ¥ = & = 1.4, them, m = 4; it ir 4hem mossible to get the for-

5% .
mula for the relationship between 8 and x zs & varies with chengec in x: ¥ = the

distance along the wall surface, and
U9\t _ 0.016 U " ]
3( . ) D) v c

Jurnose thet we alre~dr know that, for the diffuser int-zke, x = X, and U= U1;
mereover, sunnose that, according te eouwation (2, 38), wve figure out the momentum
thickness, 3, A1, in the intake, and, then, it is

(2.49)

of the boumdcory laver at a place,
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poscible to get a precise value for the integral constant, - C, of equation (2.49) as

shown below: ) s aedy
i) gtied

8‘(U,9,> —oo6c o _ U 9P (250)
L4 ot . 0.016v+

From equation (2.38)
) tro\¢ 3 [ 1 (v )‘.‘]
9, = 0.036x, (E]—,> s 9 (0.036) =x, U,
: (2.51)
"hen we sutsti-ute esuation (2,51) into eowation (2,50), we get

- B
_ (0:03633

0.016 vi= 25%5:' Uie Ul (25D

1¥1

e 7,12 is a detz2il from the inner intake wall of the xing cavity diffuser
shown ir Fig 2,5, Oy rerresents a cross section of the final stage of the exhaust
of the compressor; X, is the length of the cylin?riczl passageway which has cross
sections identical with the first oney @. is a cross saction of the diffuser intake.
Ve alre~dy lmow the value ~f ::1U';', and, Xnowing this, equa‘tion_ (2,49) rerresents the
eouvatiam for Fisuring the increzse in the momentum thickness, ¥, from x4 to the sep=-
aration pointy s.,, in the direction x, If one choses a test value for the distance,
xs,and for iihe corresponding value of U for ihe mzin flow, then, it is poscible to
figure out z ccrresronding 8. from equation (2,49).

Besides this, through ithe use of dimensional analysis it is possible to obtain

the remilt riven below:

. ,
3PN _ 4 p. [q _J_,uz}, (2.53) -
q d&= - : 2

Fig 2,12

" Figuring the Position of the Separation Point, s
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The main flow has no viscosity and no loss in total pressure; therefore, P
equals a constant. When the differential equation, (2.40):
aP*(9) - dgm)
dx | d= is substituted into equation (2.53), one gets:
J(qn)

=+ A(qn) = Bg @54
Zliminating the various (1/2) p quanti ties in equation (2,54), one gets:

9 "_(%’_'Il + A(U%) = BU? (2.55)
X

In the ecua*ion above, the constznt, A = 0,008943 B = 0,00461; and, {"—-‘-'O.,?é. If
the sneed vattem total pressure coefficient, '1)> 0.516, then, the right side c¢f
equaticn (7,53) vill be positive overall, That is to s2), the mechanicel nciential
enersy vhich is received by the laver of a2ir flow that has a thiclkness, ¢, fror con-
tact with the ouiside lavers is grezter than the mechanical potential energy which

is iransfer=ed to the w21l surfzce., O0Or, one could also say that it is smaller than
9’y ané innt the air flow that hues the wall surface does not fumish enough momemtum
to hirher lavers of air flow, and they lose ‘:hei. energy for forwar? movement; there-
fore, the onse* cof semarsticn occurs,

If cme “77ron the value owa wrick is arrived aT emrirically and substitutes it
inic eruveiicn ( "«%Z,4 onc can :zlve fer 33 check tc see vhethe= or not-g= C.6 ~
0.8 n>y one can check Fig 2,11 to see whether or not H = 1,4,~ 1,9, If these values
are vithin this rongey, then, the Xg which you have fifured is indeed the cooxinrte
for the print of sevarsztion, s, and Soe One should locate the positions on the wall
surface for the coordinates of 54 and S,y Open a seam and drill a2 hole there for the
Araving cff of gos,

() A Quick Vay of Determining the Position of the Boundary leyer Separztion
Point, s

‘iking reference to Tig 2.1 (b), due to the reduction in cpeel 2nd ihe drer-c-c
in presTure, the pressure gradient dp/dx, of the main flow in the direction of flow
is too steep; it enters the boundary layer and, within the layer, it causes the ]
curve, u(n),for the distribution of flow speed along the nommal direction to run
right along the wall, and, consequently, its slope, -(du/dy ) = O; the stress of
friction Avag for the w21l surface, 7= 0, or, the cuxvature {(&/02) ) quickly
changes to a negative value; the place where this occurs is the rosition of the
point of separation, s,

The place in the intake of the diffuser, which has the lowest sitztic pressure,
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.#19 1s the place where the speed of the main flow, 3;. has its highest value.

Assuming that, outside the bottom layer of the laminar flow, the values for
sl
the to*al pressure, P, along the direction of flow, are all equal, then, from the
intake to the exhaust, the speed of the main flow, f, decreases in value in a linear

fashion.,
By definition, the coefficient of static pressure is as follows:
c,=e=ed 1 U ¢, >0, @50
—;—pﬁf vi

The ccordinates for the cross section of the intake and the point of separziion are,
resmectively, X, and X_ (Fig 2,12), If one figures out Cp and ( dcp/dx) according
tc the laws foveming a line~r reduction in speed, then, they ought to agree with
the empirical formula delow:

2 - ¢
(x, — x.)’C,(%) e« 0.0104 = a constant (2.51)
. . )

—
The softer and slower is the decrense in the spezed of the main flow, U, the more

does the proint of separation, s, move down the math of the flow,
Sec 2 Diffuser Zxperiments Conceming Sudden Diffusion

(1) Sec 2 of this chanter pointed out the fact that after the anfle of exnan-
cion of the diffuser, ?\6>'40°, the losies in total prescure were evern lerrer than
the sudden difT™sion losses, I1If one eliminated the effects of suction in controling
bouninry lavers, then, the periodic seraration of boundary layers gives rise to a
~ulgatines flow, and combustior is not stable, The purpose of mutting an "elephant
trunk" or a "fish mouth" at the forward end of a flame tube is to do everything pos-
sible to cause the core of the main flow entering the tube to flow evenly. Conven-
timsl rirg ~avity Qiffusers not o.ly occupy a2 long space, but they also can only
respong appropriately to the intake flow fields and distributions of flow of pre=~
determined econfigurations, Operating speed changes; flight configurations change;
the intake flow fields for diffusers and the intemal and extemal ring cavity flow
distributions of the type Mo/Mi all change, Conventional diffusers cannot resnond
arrrorriately to these types of changes; due to this fact, the characteristics of
combustion take a tum for the worse, Sudden diffusion, on the other hand, can
respond anrropriately to flow field changes, _

(2) The Purpose and lMicthods of Model Testing of Sudden Diffusion Diffusers

in Short Ring Combustion Chambers




In the intake of the ring cavity of combustion chambers, if one uses mmall, short,
ring-shaped "pre~diffusers" in conjunction with the compressor, them, the angle of
expansion, 26, will not exceed 18° (Fig 2.13), These "prediffusers” extend into
the combustion chamber ring cavity and suddenly expand to form turbulent and die-
orderly flow fields; moreover, around the circumference of the exhaust, they sep-
arcte to form a pair of large spirals (actually, these are two large, concentric
vortical rings symmetical around the center line of the turbine jet)e If the shapes
of the intemal and e-iamal shells of the ring covity are aprrorrizie, It is pos-
zible tc maintoin these two vortieal »inge im a etedy and wnmovings conditiony  due
to this fact, the amowmnt of intzke flow into the eddy current apparztus and the
amount of intake flow into the interior and exterior ring cavities, Mi and M°,<>8n
maintain a very stexdy disiribution. Iven though suiden diffusion flow fields are
disorderly, they can lessen aerodynamic interference in the unper rezchez of the
fMlow path and retard surging,

In these experiments, we followed the corresponding dimensions ¢l actuzl objects
in the making of models and in changes: the ratio of the amounts of flow in the int-
erior and exterior ring cavities, Mo/Mi’ the distence, D, from the forward portim
of the ring cavity flame tube to the exhaust of the prediffuser, and the prediffuser
angle of expansion, 2:0,, in test bed air flow exneriments without ignitim, all
determine the intake flow speed distribution at A1 and the coefficient of total rres-

sure loss
g = ?_'..::-zi-
i’p ; (weizhted average of scatiered rendings on the
vl 4 M |
.2 car )

momentum)

The static pressure recovery coefficient

C,-f'-:ﬂ-l (arithmetical reaveraging of readings for the

. A

2 ? Wi static pressure on the interior and exterior
o walls)

For @ representation to scale of the dimensiams of the model, see Fig 2,13 ( for
numerical values, see the table given below).

The ratio, D/h1, between the distance from the exhaust of the “prediffuser" to
the top of the flame tube and the height of the ring cavity passageway changes from
0.9 to 2,5 28=6°% 14%nd 17°; the distribution of the amownt of flow, l"lo/M_,1 =
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0,5 ~!2,0, Measurements were taken of the distribution of total pressure and the
static pressure on the interior and exterior walls for the three cmnea sections ®

@ and @3. Once measurements were taken of the intake volume, G;» and the intake Mach
number, M.] & 0,26, then, on the basis of h1, it is possible to figure the Reynolds

number, Re1 = ’lLW—Lasl X 103,
v

2 & 2h, | By | dn S 2H;
1_. do d- ‘- “ ‘al d.
0.944 1 0.911 | 0.094 | 1.245 | 0.928 | 1.160 0.49
H L | As HAos Ani Au * Aui
H. ) H' o l‘u‘ At Aa Al
0,707 | 1.50 1.773 1.353 0.773 2.135

In the final sections of actual compressors there are flow guides and & string
of wake vortices; because of these, the distributions of circumferentizl and radial
total pressures, ‘1;:, which are caused in ring-shaned passages, as well as the dis-
tributions of flow speed, w1, and density, Py aTe all very meven; due tc this
fact, the tot2l pressure losses are increased. Because the influence which a siring
of wake vortices has on a flow field is weven, it is possible to define three types
of flow form parameiers, During thesc tests, in measurements made of the intake, A.,,
these ihree types of parameters could be distinguished by their cross section oo-

clusion ratios

B, = _;_SS{; —Jﬁ'-'—]u, = 0.282
1

AN LBV

The momentum flow form parameter
T : : 2”
p=Life(Byia =122
;"‘3‘1_ - W, )
The Vinetic enersy Tlow fom narcmeter

o1 [f & (%)’u. - 1.06,

(3) Results of Experimentation and Discussion (For conventinal ring cavity

diffusers, 5%'0,3.~1 0,4)

Fig 2,14 is the curve for the distribution of radial flow speed in the diffuser
intake, A1, as obtained by the plotting of measurements. Due to the influemces of
flow guide wakes and secandary flows, in vicinities where the inner shell and outer
shell rediae; r-r;/h, = 0 eand r~r,/h, = 1.0, the flow speed is very low and W,/ <

1¢0. Vhen wakes were involved the evemess of the speed form distribution was not as
54
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* good as when there were no wakes; because of this fact, the total pressure losses
in the diffuser were increased, A string of wake vortices is a layer of air in
which viscosity shear stresses are concentrated, After this layer of air enters the
"prediffuser”, the vortical masses are attenuated and dispersed, stirring up
boundary layer separation countem—currents, and disrupting the functioning of the
diffuser in the areas of reducing speed and increasing pressure,

Expsriments revealed that the presence or absence of flow guides in the final
stages of the comprressor had a great influence on the intake diffuser of the com-

pustion chambver,

#,12 .
WI f“‘~ . ’ /'.——-..\ .
1 .
g jp i SN N . ‘\
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Fig 2,14
. Intake Toeed Pattem  No Wakes . With Wakes

Fir 7,*% showes how the %0tal rresture loss coefficient, £ 4 varies with changes
in diffcrent flow amount mtios, I-.'O/Iii, and distances, (I)/h,‘). If one is considering
the influence of the absence of wakes, then, the lovest values of § occur wunder con-
ditions in which (D/h‘) 21,0 and !".'O/Mi Y 1,3~/1,4, ‘hen there are wakes present,
the lowest values of:i' occur und-r conditions when (D/h1) = 1,25, and (l"o/Mi) = 1,0~
1,1, When there are no fiow guides present, the most advantageous dimensions ané the

( most advantageous distribution for the amounte of {low are as follows: 26 = 15°,
(®/n,) = 1,25, (N /X)) = 1.z,

B Fig 2,16 shows how the static pressure recovery coeffirient, C,y varies with

3% changes in (D/h,) and (P?O/Mi). C,s in the diagram is the ratio between the speed

e reduction and pressure increase of the prediffuser and the quantity %AW{ .

N Cez §s the static pressure recovery coefficient fror croer section @ to cross section
(.g-. "hen there are no wakes, and (D/h1) > 1,6 while (Mo/Mi) e 1,25, the decrease in
gspeed and the increase in pressure occur almost entirely in the “prediffuser.” At
the same time, on the other hand, the air flow which divides between the inner and
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~ The Static Pressure Recovery Coefficient Varies with Changes in D/h1 and Mo/Mi
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outer ring cavitier actually drops in static nressure, which is shown by the relatim-
ship, C,1<C,; !, This explains why it is not appropriate for D to be too long.
Besgides this, 1f D is too short, C,: is also reduced, Such a structure is glso

troudblesome,
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Chapter 3 laser Teclmology for Mezsuring Flow Fields
Sec 1 Tracer Point Dispersion Rays

In an air flow it is possible to mix in a fixed concentration of particles, such
as dust pollutants, vaporized oil drovlets or to intemtionally mix in some vaporized
ilic2 cil, These tracer particles receive the illumination of laser light and be~
come many "secord~ry point sources of light" putiing out diffusion rzys in all dir-
ecii~ns, hen gureling w tcr is irtersrersed with grains of sand, ani theze ox ire
ere hiil by the glorious r2ys of sunlight, then, me can see the flaszh of colier lichi;
this is nothing tut the —-eflection of diffusion rays from the grains of sand, *
reculiar characterisiic of these diffusion or seatiering rays is the fzct that, zlong
the rath eof the incoming 1isht reys, the part of the diffusion or sezitering ray
wrich is rellected back along this path is about 100 times sironger than <ic —axt of
the 3ifTusion ray ithat goes or in the original direction. The rendom movemem*s of
eviremely small particles (i.e,, particles with diameters of ¢ < 0.14) (®rovr mo=
tion) 2re anzlogous to molectlar motiony however, compared w th the turtulent
pulsating flow speed flow roro”, @, ihe "ewient of ihe motiof is negligitle. Ale
though minute particles can zccur-.elr follow ihe direciions of liners of flow, the
diffusion reyes from them are too woak an? are not very rood te nse, Helrtiveds
larrer varticles (, 'Jal.o'gf , )» because of their large inertia, can exhitit "eneed
2ilf7eremtizle® Juring viclent ineme-e-r or decre~ser in the rpeed cf flov, mecause
of this, thc use of the diffusimm rays from large perticles in oxder to measure
flov speeds czn produce errors, Therefore, it is necessary for ‘the dimensions of
the tracer particles to be such that O.1p<d<‘ 19 u $ moreover, the correse
ponding concentrations of the particles and the air flow should not exceed 1:2000,

In this wey, the error in the measurement of speed can be kept smaller than 1Y,

Sec 2 Double Bundle Parallel laser Method for Measuring Averaze Flow Speeds

Fig 3.1 shows a flow field which has been measured by & double bundle parallel
laser emapatin, The signals from the light rays scattered back by the tracer
particles is received by two photoelectiric multiplier tubes and sent back to an
oscilloscope timer or a multiple path sampling oscilloscope which handle the data.
The laser light source is a continuous optical excitation tube using ions of hel-
ium, n~on or argon and with & power r-ting of arproximately 100 m¥W, Qn the pre-
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focal plane of lens, L.,, there is arranged a double refraction crystal; this crystal
takes the laser light source and divides it into two bundles of polarized light (See
tne enlargement of det=il A in Fig 3.,1). These sheaves of polarized light pass thro-
ugh the rear focus nlane of the lens, L,, and becomse two parallel bundles of laser

light, 1 and 2; t-ese two bundles then shine through the set of lenses, L2, and onto
the area of the flow field being measured, area B, From the enlargement of detail B,
sne e2n see that when the two rarallel bundles of laser 17-~ht are focused on the ver-

+inz1 pmace sertiom af the flow field being measuxed <iev “crm twe "lirht rassages”,

o)

3 the @ stence bewweer twe of these mansarsr = As,  Lach ol ihe LICNT vasse-
et is like a ribbon which is viie at the iwe endc ani nnrrov in the middles The

“‘vickness at the narrcwest point is only 5~10p .« C“his can concertrate the stren-

~h af +he incoming tirht on 2 very small area, and increzse ihe sensitivity level
8!

of itne memcurvermentz beins taken, If one i eongldexiv ¢ rinsice - rtiecle, vhen cne
tales the average speed, 53 at which it goes threugh ihe two liglt passagcs, such 2
Anriiale vwill mrgduce, I v, beo diffuni~m or softiovins Ay mulnes, “ese twe

ccattered v ™lses , @ and {2), are rmthoved b iems, 1., rellected ani nine nire
? v ° -

2ted I a pexrfor tal Tlrrc ~lrrer, orS, 2fMer —2csine dhreust e ricmornore, besome
twc bundles o” ar-1:iffed “I~t, The rurmose of Al o 200Ts Aiee fe g omntg 4 reSe
gitle, through the coraful i urtnsrt of -0 vy TS - swemmemes, s v emomromunh
as poccible the intarleromes crun~s? v wefantim m Twor s mrpccempiae s T et xS

the flow field being mezsured and, thereby, *¢ increase the "signrl-to=noise —ntiec,”

Tne ton bundles of 1irht duad acmp thmonsh the sreviures Torr twg ssmam-te ort

rimezls, one for e=ch hole and are acrepted or received respectively by phetoelectixic

bt LY . - - - - = . .
ohex D'andi{l), hen the aorveried eleetxicsl iy lo ave llozlared on oar csellllis-
~2pe e~uimrad vitk 2 memory enmehilifty, Lt recoric te Gvmiiom,Ar , In chich the

tracer varticles mass threough the two lisht apertures, If we assume that . dr=72,
cseconds, we already Imow the { Ar= 0.5mm, and, consequently, the averzge time flow

- r o J- M

~ne " of the variictes deing me-cure

(o1

’ e
(4}

As _05X%x 107
Ar. 2Xx10°F

1= = 250 [m/s], .1

Vith new types of electronic instrumentation, it is possible to get a clear res-
clutiagn oven on signals with values of "M =1 pniviimierosecond (10"9$ec). If there

is a need for it, it is also nossible to make fine ad justments in the light path so
8s tc wider the interv:zl between light apertures, ;&5 ', Because of these methods,
it is possidle to measure super-sonic flow speeds of several thousand meters ner sec-
ond without the degree of error rising above 0,5%,

Before one can employ these methods, ane must first know the direction of the
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Fig 3.1

1, A Schematic Diagram for a Double Bundleiparallel Laser Scattered Ray Instrument
for the Measuring of Tlow Speeds 2, Time Display Oscilliscope or a Multiple Path
Sampling Oscilliscope 3, Shell of the box 4, Detail A 5, Detail B €, Pheto=
electric tube 7. leser Tube 8, Light Aperture 9, A Two-hole Light Barrier 1C.
Microscope 11. Rays Scattered Back 12, Light Rays Entering the Flow Field to be
Measured 13, Tlectiric2lly Contrclled Contact Orticz2l Emmision Gete 14, lens, I[.1
15, Comnlex Doutle Befrictive Divider lems 16, Perforated Plane Mirror 17. lems
Set, Lz 1€, Rectmpgular Trongheshaped Area Being Measured 19, Reflected Cptical

Interference from the Bcksround

=4

averaged time flow speed, G4 If one rotates the double refrection divider lens and
cdjusts the plane of the "light apertures™so that it is narallel to the direction
of flow, u, then, the "light apertures" are nerpendicular tc &, If one wishes to
measure a8 two-element flow field, one can take into consideration the averaged time
flow speed vertzr, ¥, in the direction of the additional coordinate and tum the
azirmuth of the "1light apertures" 900. However, this methol is wmatle to measure

the flow specd, W, along the axis, Zz, of the light rays coming in,

Sec 3 Measuring Turbulence Strength

As far as turbulent air flow is concemed, because of the fact that the size
and direction of an instantanecus flow speed, u, pulsate over time, it is necessary
to surround 8 point which is to be measured and, at first, simply measure large
amounts of data; only after this is done is it poscidle determine the statistical

59




- 3 - ’
average flow speed, U, and the pulsating flow speed, u‘ that is to say, u = u + u3}

the root-memn=square pulsation {low speed = ﬁ’ . In order to utilize mathe~
matical and statistical methods for the analysis of turbulence flow pulsations, the
best procedure is to take the azimuth . angle,js s of the plane of the "light aper—
tures" and change it So as to go around the axis of the light rays, 2z, in 8~ 10
"stops™; Auring each of the stops, the strength of the scattered rays should be
measurad about 1,070 times, Corceming the 8,22C ~ 10,200 pieces of pulsation

Aedr eallented ie this wey 4 fe poscidle tc use = "mliinle math searning end

- Y o~

eam-Tins onnllliacope” te induee the Aistribution eurre for the “probobill

-——

Gersit® of —hotoelectric simals, The horizentsl coorvinate in Fig 5,2 shows lue

tine, JAr . roduired for mariicles to go through the two "light avertures"; the
Q vemiticrl serriinnte indiecater the rxchability Aencidy, &y for each of the vericue

thotoslectric prles cimnals, Different values of azimuth engley i® 4 al) heve

different datum lines; however, vhen measuring each of the v-lues of @y “he number
of particles cntering intc the area being measured is always the same,
ther an averaged time flow sreed, T, coincides with @ = 0°, the light scatiered
from na*t;:les as they flow down the path of the flow and from ~ the two "lirnt
e.pe:’tures is at its brightest; at_ such times, the probability density, .'f't, of photo=
electric pulse signals is alsc at its largest, After the azimuth angle, &, is in-
crarsed, the ciransth of the light scattered bacl a2t the two "light apertures" is
cuicily diminished, and the probability densitv,‘,tf s of photoelectric pulse signals
is rrlurei, after e ‘i., ¢ ihen, signals almost cisappezr, If one changes o
| back in the crnosite direction, he gets similar results., The peak of the dist~idbu-
tiom eurve cf the probadility density,. 4’, renresents the instentaneous flow sp-ed,
u, Tne wiitr of the curve at the base line represents the mAximum ampiitude rance
of flow speed vulsation, It can be seen that the probebility density, ¢, of dhcto-
electric pulsation signals from rmys scattered by rarticles is a funciion c¢f the
( azimuth orley @, andé the times ¢y and it closely reremnles the curve for & Gavc-inr

distrihution, If cne holds e constant, then,

; ¢(')-¢—“p¢z. [ = (3.2) é
; = the mathematical exvectation, and .9 = the varience, By using mathematical and
srtigtical methods of analysis on the distributi-n curve of nrobability densities,
it is rossidble tc figure out the direction and magnitude of the averaged time flow ,
speed, T, as well as the turtulence flow strength, V v*/U» , both parellel or .
rerpendicular to u, #J is the largest flow speed along the center line of the ]
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1 The Distribution Curve of Probability Densities for Different Values of 2

s TFhotoelectric Pulse Signal Probability Density 3. Time
trongh, Temen?irg on the density of the tracer marticles which are added to the air

irclujee the time needed iz consiruct the distribution curve for the probability den-—

cities Imwalve’ oecruse of this, when making measurements, it is required that

,

oyt oms s T lE e prindrined in the a2ir flowy only in this wzy can reliabdble

- (S e 4

‘1

T b omer xS, T 7,7 anovs ihe flow speed @ictmiduiion men-ure? In the recton-
mlar trourl. as well az the resulis for turhulerce flow strensth, “he heori-ontzl
prnmdingts meprements the votic of cross curvent derth, y = + Hy K = the vidth of
the trousi, "ne oricin point, 0, is the murace cf the wall. The depth »27lo is

1 on the canter line ¢of the trough, If ome us-s the measurements resulting from
the "double bundle marcllel laser” meihod and the use of 2 "hot wire wind speed
meter" and malies a comparizon of them, there are almost no areas of disagreement,
The same thing is found if one compares the Reynolds numbers of the flow fields,

Im 7ir Z,%, the M"electric2l eontrol cominct ontien) emission gete™ inst-1led
in front ¢f the laser tube = or Pockel's cell, == it is c21led — is installed
there for the purpose of timing and locz2lizing the exrosures which are used to inves—
tignte the flow field in the troughs of the tuming tlades; it can al:c be used tc
investigate two=element spiral combustion flow fields, It is possidble to instzll
cireuit breakers on a turbine wheel in oxder %o indicate the vosition of the hlades
cr to install "heat sensitive resistances” on key components of spiral flow cambustion
chambers, ‘hen there is no extemal electric field, "light gate crystal bodies"
interupt the laser source. When the timing and location circuit breaker on the tur-

bine wheel or the "heoat semsitive resistances" in a spiral combustion chamber send
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out a signal, trigmering the light gzte, there is immediately released a large,
strong bundle pf pulse laser 1light, which illuminates the troughs of t:.e blades or a
certain point in the spiral flames, An electrically trigrered light gate (a Bao Ke~
er box) is linked to the shutter of & high speed camera., The exposure time can be
as short as 10,pfsec. The area on vhich the illumination is concentrated is very
small, and the éxposure time is short; therefore, what is actuzlly illuminated is

z1lmost an instantaneousl; stable flow form,

St t Tximelisles of the Tassr Dorvler Frequeney Devietior lethnd for Me-suring

Flow Spend

Tiffexert eglers of 1irmt have different vavelemhe, b, mnd GiTfcvemt Srece
uencies,-f. laser izt ic licht that is a2lmost of one wavelenstr, cne frecue-cy
zm1 one ccler, ToT evamrTo, e wavelengt) of helivr o7 veon /o lasive o2 TEfe
e is tde = Fp270 / (1 Lt ENrﬂ this de wed 1I4%, To omotser chat ocler 1iod
may he, in a veewiwm, tho cracd of Shmd Jiebe fe nieeeee s o ""“AC'*.:“/"?. o e
the cesci adio Twenvaney oF Feliu~ 2ard nagr lnser e O S
(,?“8-}* isst=c / * -~ ?3"'0"'/'(3-?7 o e mree of pn oom sl o T e mme s de ok
mediur is somevhat slower <ri -z rcrenl o srivio~ 0 Lon vam, L <3
cc/c = Wik, = 5> 7 im the char-cteviciic cf ~efrnet i in & melive ;'Hed
“teoindsr of refrieiliing n . tnder comdiiiong ¢f £oor oA TemmeosnirTe At vrmeeTUTE
(0°C, 1 aimosnhere of rres~uwe) the index of mefraction ¢ aimy, ma& 1,077,

e ctationar laser tube she~iz out 8 ~niio of Ligny ciich o Tivided
into two hndles by the light dividing lere; after thig has harrened,

these hundles arc focused by lenses and shot onto the %tracer particles, F in the two-
«lement Tlow Tield (Fir 3.Z£), The direction of the =“ronr incomine lisht, I., is

¥ SN late g - ol - - " - - e - 3t Y
rentery, #,, The fimertior of - oo lotl rower, ~or VULICh
s

ol
ie neatiered ferward frorm the particles, Py is etrrerced o tre wmit vector, 4, .
The freguency of the incoming light =f; 4 and the wavelength of the incoming light =
:4; o “he frecumcy of the scatte-ed lifht =4, 4 and the wavelensth cf the scatiered
light =, fidi = ¢, fik == ¢,

Beceuse of the Dop-ler effect, it is ar thongh the vrves of the incoming lirht

=

leave 2 point, F, with a relative fpeed ¢ = g :f—= ¢ .0 cos‘-ﬂ e By the same token,
it is as though the sc2ttered waves o light leave a pcint, P, at a relative speed 1
of ¢c - 48 =c ¥ cosf'.
Therefore, the Doprler effect relative freguency 1
€3

— e
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Fig 3.4

1, Forue Vertors of Lnuble Sheaf laser light 2, Twoeelemeni Tlov Tiell D, Ine

coming iarht J. ocattered Light S. Axis of ILight
el emucd, (3.3)
TR TR
o - '
. IR /R k. R (3.4)
'Zt tl c—u-*#

™e carerilitie~ of the instrumentziion are as follows: Tange of pcssiltle snead

e Lk Y Pty

measurement~. Irr /e = 300n/s; urper 1lnit freguency of fluid malzniions = G0 ooy
_ mavime- tonmloree S1-w o rirencth, €U 70 simulaiicn ¢f voltage output is pror-
‘ omtim=1 to flow sveed, o3 accuracy is in the =ange of #+ 1%,
he lzser Dor-lex freauency deviatim

fo=f.~1, ==f.-[;—:— 1] =1, [%— i, G

If one substitutes equaiion (3.4) irtc eauation (3.5), one can obicin

¢ o=t fe—d | (3.6)
fhi—-2.4 )
¢ s

-

18 far as *he incoming waves of light are concemed, the propagation frequency in

4
a vacuum as well as in a physical medium does not change; only the wavelength and 1

el eyt
-

the speed change; therefore

a e .

,j .

{ . d AW e 2
%

5 Because of the fact that, if one compares the flow speed, 8, which is being measured, %

' to the spe=d of light, ¢ o 3x105(km/s), it is possible to ignore the quantity, ‘T /o, 3

. ;

-
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Fig 3.5
1, - Schematic Diagram for an Instrument for Measuring Flow Spe=d Through the lse
of laser Light Don-ler Doublebundle Focusing 2, EHelium and Neem 3, laser Tube
/4 Optical Zlement for the Separation and Focusing of bundles 5, Two- element

Tlow Tield 4, Thotoelectric Multirlier Tude 7, Axic of Lisht 8, Preamrlific-

atiom 2, Miy-ovy 0, Vidlle Amplifier 11, Limiter 12, Frequency Monitor, 1iiile
Lpelifiestian, limiter, Phase 13, Fretuency Svectmun Analysis 14, Frequency Out-
it 1%, DT ipeiitiestion 1€, Drop Measuremert 17, Gate 18, CR Integrach

"G, Volinmr Umm wiled O-cillator, Vee 20, Dizl Zuzme S, Veltage (utput fnzglog q

"7, Fameztlic Recariing 23, Fre~uency Tracking Device

or *the bagis of wnich, equation (Z.5) can be simplified to

fp = nd, (h, — ;) = —:: (cosd — cos®) (3.8

N e T2

Dacause the indar of wmefwction of air, ‘m@ 1, i- is poscible to ses, frem Fig T.%

that ¢+ 0=x,0—0 =3 ., Using trigonomet~ic identities, ecuation (3,£) then

becomes
8] _,. (64+6 . (6—86)
fpﬁl'[ 2sin 2 sin 2 ]
= ZenZ (Hi] (3.9)

8 is the "scatiering angle" which takes for **s base line the direction of the inco=-
ming lirht and is determined by the desipn of the light vath of the instrument used. .
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Om. Therefore, it is only necessary

. The laser wavelength, & = 6,328 4 = 6,328x10™
to use the instrument in Pig 3.5 to measure the Dornler frequency variation, I;. s of
a point, P, that is to say that it is poscible to figure the local flow speed, U, on
the basis of equation (3.9). If one changes the position of-the focal point, P, of
the double bundle 3laser, then, it is possible to shed some light on the flow speed
distribution, In order to increase the degree of sensitivity, select for use a

scattering angle 5°:<8<: ?Oo, ‘P 4 '-% = 90°.

9
)
v

Iulse 1escr Thotooranhy of Imtoxference Band Svecirz

(") Integrated Information Photographic Negatives from Double Tulse laser
Thotograrky of Flow Pields (Fig 3,6)

The ' plse laser equimmert, 1T, has 2 "Q adjustment switek™ ( it s alsc
rossidie to use ar acetone and chlorophyll Kerr bex a~ a substitute for this,) Thi
sviteh is similar to the "elecirirszllr frir~ewed lirnt ~ote" marn<iome? dr » previews
section, The purpose of this is 4o 21low electromarmetic waves vithir the =uby rod
resonate, amplify and store energy which, vhen it has reached a sufficiently high
level, can trigrer the Q switch, instantzneously shooting out a large, strong pulse
of laser light., The pulse width is ap-roximaiely 20 millimicrosecords (10-9sec). and
the ene~gy of the pulse is grester than 400 millijoules, DPulses with this kind of
strength are capable of "free,ing" transient vhenomena, suppressing the effects of
light radiated Y flames and meking vhotormrths —oasitle,

The purpose »f using the "licht filter form selection device", FP, is to fil-
zer ocut the "brundi~ry fref*_uencies“of the oscillating laser light and tc_only allow
electromagnetic oscillating single form waves with wave,lengthse: 6943’3‘ to pass
through. In this way, it is possible to guarentee that the two sheaves of laser
( light which are semarated by the light Separation platesy IS5, are still of

> &

-

to

ine gepe fres~ueney, The first bundle je +the illuminating lirhi, I.3 1% pac es threwsh

the lens, L,‘, evpanding the crosc seciion of the light bundle;} and 1"1 rellect the

‘g'j light r=ys so thai they b come parallel; after they illuminate the flame "lov field,
;’-.,: TS, thev are rrojecied onto the integrated information photorravhic negziive, HP,

: The second bundle is the reference light, 12; this pasies through 1‘11, Mg and L2 and
.‘, is rrojected ontc the intesr~ird infcrmation photograrhic nesntive, EF, The two lase
;‘ ¢ bundles, I, =nd I,, come in contact and i~tersect each other in front of EP, forming
¥

u the "light wave interference area", SF; this are2 is projected onto the surface of
' HF and forms a series of lisht and dark interference streaks,

>
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: 'Fig 3.6
1. Tulse laser Photography Flame Flow Field Integrated Informztion Negetive Z,
Flane Reflection Ienses 3, Concave Tronsparont lenses 4, Integrzted Information
Thrtorranhic Vemiive S5, Tulse Iaser 4, Parzbolic Ienmcor 7, IDurminztion and
Reference Tight Bundles 5, White Ii~kt Piltex Tomr Seleevigr Inetwiment o, Difa

¢ fused Reflection Screen 10, Double Light Bundle Included ingle 1%, Zranslucent

~

-~
- [

Teenrodor 17, The Mezsured Mlame Flow Tield 13, Tirrt tave Interfeoreree

lLirea

Accomiing te the azimuth cf HF, movemesrts forwar? an® bac reg well as fing

adjustments can be accomplished by tuming lens, LZ; in order tc facilitate adjus-

tment, the "lisht course" of the reference light, I,z, fror BS to5 EP does not have e

< Taver vrasg Teviatiom o comnowad do the PR eourze™ o MLiSY reth™ of the 1o
lunination light, 11; the basic A f7-r> e in 1licht paths, (12- 11) is aprrorimntelr

S within a few centimeters; the included angle between I‘! and Ig, 2ay is ¥ept cuize

f : small, as much as it is poscidle to do so (:Za<’8°); moreover, the nowmzl line EF

! divides the angle 28 enually, In this way, the interference streaks being put out
are relatively clearer, and the 5€P8T°tion interval heiween streaks, s, is relatively

by wide,
: (2) Measurement Procedure
The first light exposure trigrered from switech @, There are no flames in the
flow field (in a two-dimensional flow field, there ie no air flow whether there is

a pattem to the flow field or not), Diztributions of density and temper=ture are . ‘
7 .




,..._,_,_........:===nl:i:==-nnn||-|-|---n-............r...,...l

basic conditions which cannot be interfered with, Conceming the illumination and
reference licht sheaves, because of the fact that the basic difference between the
paths of the two lights (1,~1,) does exist, there are recorded on the integreted
informatior, photograrhic regative a set of "background interference streaks"; the
interval between these strezks or lines = 8,

The second light exposure triggered by switch Q, There are flames in the
field of view ( or bowndary layer separation, shock waves, expansion waves, etc),
and these interfer with the flow field, Because the density distribution chenges,
the distribution of the index of refraction, n, within the flow field alsc changes.
The illumination light bundle,11' is influenced by ithe index of refraction ol the
new distributions, and this influence is exerted in opposition to the new difference
in light paths (2,-2,) of the reference light bundle,I,, Due to this fact, ‘there
igs produced a set of "deformation interference streaks" which overlap an teop cf
the "hacksround interference stwrezks,” Al-ng the » or y cocrdinates, the deferma-
tion streaks of certain specific points have a positional displacement, 4 s, as
comnared ¢ the backrrownd sitreaks, It is necessary for A S > B¢ only under such
conditi~ms are theme nxoduced complete and cler~ i-terfevence streak spectra. The
time irtzv L v red iz contzel the two mlser o LIl es:posure,’aA‘f<: 2 seconds,

Or *he riz=tad information photosrarhic necntivey the positional displace-
ment, A8, 7 ich earveencnds to 2 designated point @is equal to N*s8; the cor-
resnonding p::‘r.t@ir. the Tlov field is interferred with by the corresvonding changes,
Ay I the »xisus lone” Rensitier, Tais walue, As, arises at the beginning and

the end of *ve *ins intewral, (A, , Y~'een the oo licht exprsuresy  the cverlap-
ing streaks which result ar» called the "iime differential for intesr-ted infoxr-
mation displays." Decause A s is related ic chanpges in s, even if the backgsrowd
interference streaks 'have busic-1ly distorted forms, it does not make any; dilfferamnce.
This simply lowers the requirerments for the opticzl components and simrliZiee the
necsurements,

(3) Frincinles of Iight “ave Intarference

Ascuming that, after rectificat’éon, the laser licht is a pure plene nclarized

light with a wavelength of {3 = 5943 A, then, conceming the propagation of these

ettt

light rays, it is possible to write simple wave mction equatians:
The point Zisplacement of the measurement light sheaf

yo = Evsin Caxfs + ¢) = Evein 2= (e + 1),

. | C o (3.00)
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. The point displacement of the reference light bundle

o= Ba Caefe + 4 = Eytin 2 (er + 1), (31D

21, E2 = the amplitude and the frequency respectively
original ph
f= =, 4,l==:~’_"1l 4’z=-2-11;-= € paase

A A ‘ and! 4 angle

™e interrzted information photogrevhic negetive, HF, receives the teial light
atwen ~th frop the intersscting 1i~-t vaver from the twe bundles, I ('.-.'/cr,“), and thew
gxrc in divect propowrtion with the combined amplitudes of the lirht wvaver of the Twe

bundles, 2, Using the addition of vectors method:

Ba g Lo el i

Rl = E§+ E§+2Ec51m<¢z—¢x) (3-12)

] Assumins that the amplituders of the illumination bundle and the reference bundle are
both erual so that E1= 22 = B, then, the totzl 1light stremgth
1 =R e=2EY1+ cos(Pp;— ¢)]
= 4 E%cos? [%(.p, —4,‘)] - 4E’cos‘% (3.13)

The releztiv- phase differentiz2l of the twe bundles

o= (=8 =22 —1) (3.14)

The relationship, k = 2_;’_ s is called the "wvave number", that is to say, in every
Cea'em z2long the atis of the licht thers arz this cexrtair nurber of waves; ihig
runartity 2lse represeris the frenuercy, f‘-‘ ‘It ic worthwhile tc remenmber and bear
in rmind the significance an? mewmning of equatim (3,14), i,es "hen two bundles of
icht with the same frequencies intersect, the phase differential of their mutual
interference is equal to the wave number times the light path differential™ From
L4 ezuaticr (2,13), it can be seen thet the strength of the total light, I, must dep-

eni on thls "phase shift 4:f erential” ¢ . Fig 3.7 (a) shows the combined amplitude

voctory, B, of two bundles of light waves as well as the corresponding rhase differ-

( ential, ‘$; (b) shows the total light stremngth, I, and how it varies with changes in
N the phase shift,'®, VWhen the phase differential, ®'= 0, 2¢xy 4'w, o.ey 2N*x) I =4
E2, and one sees appearing pattemns of bright stripes. ‘hen the phase differential,

" $ =% 3% 4 54, 4ue.y (N 4+ 1), and I = 0, then, one sees dark stripes appear=-

inge Yhen N =0, 1, 2, 35, +eee and so on in whole numbers, these are called "“inter-
ference stages" or an "interference series,” From the spectrel plate, BS, to HP,
the quantity (12-11) is different for different points; ‘¢ is alsc different; due




to this fact, HP shows the appearance of light and dark stripes,

Sec 6 Analysis of Interference Band Spectra and the Figuring of Temperature

The integrated informatién photogravhic negative, HP, which is taken of com=
bustion flow fields during two=pulse laser photography, records complete informatimn

on the light path differentials and light stirength distributions within the field of
vher there ave nme, LTier the develor=

-

view hoth wham thevs ave flames »rezert ond

N s o _ . s N . I 343 3
mert of tnese pheTosr ~hie nermiiven it i meresczme 4 weecardur: the noeitions whick

corresrnd to those which existe? at the time ¢of the original photosravh; if one

uses a continuvous laser 1li~ht (such as heliur and neon at €328 A) and uses a lens
granhic

te project the licht onte 2 light sensitive phimtogrethic nesive or ~hets

rzpary one finds arr~aring 2zain the original interference situetimg orly in this
o T the interference stripve spectra in Fig Z.8,

hzouming thetl ane zlrcady kmows the baclgrouné temperature, T o in the £ic¢18 <f
vicion duving the first licht exposure, and, assuming ore also :_”'e 4y Jmows the
nressure, ?q* the density, -50, and the index of refraction, n o’ end, further assuming

that one already nows that the thickness of the flames in dl rection z is e = 20 (m),

‘then, on the basis of phrsical opties:
constant-

g Bl -1 K, n—1=3,
o . if

then
= K (3.15)

&
oo

P s

Cranses dn <he ~maenus indexy of ~~fwaction, Any zna chengec I derszity, & p,
7 : 1Ty

ave related in tre fellowing way:

An=p —n=28—~6&=KAp .16)

*he two=pllse light exposure of a given noint @correspmdi*:g tc the flow

ikt Prd Aext etxines are rel-otel 12 emronecus

< TletAy L - Tomation vAtieme of

[

bacisround vilues '
14 ¢
Ly — | wndez -
k . N e So modz n S ("o z”)f = ___ (3.17)
2
:‘:}_ - . NJ' - KAP ’ (3'18)
o therefore :

}, If one assumes that, through the entire process of combustion, the {low field nres-
; . suve, P, vemai-s a consiant, then, according to the ges ctzte equztion, 9- ”,liT,

8 4 it shovld be true that
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Temmer2ture of the 1llumination point

vhen there ic rombustion _ S = ——
3 e = T 1_&_/._
3 Dackermund tempeoraziture vhen the~e is b€
no combustion
y
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Pir 3.8
1, Interference Strire Onactrz of Combustion Flow Field ~. f is an even or uni-~

form background stripe matiem

4 N=2 (3.20)

(4

We already now that under standaxd temperature and pressure conditions (TS = 272K,

; N P, = 1,033 kg/cm‘/) the refractive index of air, n_= 1.00033 the*efore,;'8s= 2 x 10'4.
‘ If one assumes that the background temperature, To = 295(1:), then, p°=ps. Due tc
( the fact that & and T have a relationshin with each other that is defined by a hyper-
A bolic curve, ane can substitute 8, =8, X %:_.; -28 X 10~

In Fig 3.8, the illuminated point @a.nd the background base point O (xo. yo)
are deformed along the x axis, and the erroneous values for the background strips




L N6, 1=6943K% =0.6943 X 107 [mm],
s

Ni _ 6 X 0.6943 X 107 466 _ 0.744
doe 2.8 X 107 x 20 5.6

By substitution in equation (3,20), ane can figure out the temperature of the illum-
inated voint(l)

[ S I —— A P o S
10744 0.256

Using the set of conditions in which different values of ¥y = & cancstant value of the
x coordinate, one can figure out enough temperatures to make it possible to precisely
determine the temrerature fietribution of the combustion flow field,

*nen one carvies ont the actual analysis involved, it is nossible io use a nicro-
densitometer to clear up the spectral matiemns of the inte~ference and substitute
ihese intc marual ruccezive point czlevlations, At the present +ime, the use of

this instrumert siill only rives one the c-pabiliiy to measure the density and temp-

erature distrimrtions of two dimensional flow fields. It is also poscible to mzake

multiple oo s of meveral cross sceiions and then tmt them together tn form
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Chanter 4 Basic Tauations of Flow Fields
Sec 1 Characteristics and Concepts of Flow Fields

The space filled by a flowing body or fluid is called a flow field, After
selecting the coordinate system to be used, one already knows that the intake of
the field and the bound=ry conditions dec not very vith time, and the peculiar
charactevictic of strtle flow fieldc ig that flov spesd pressure, nressure, densivy
for eomeert~ctior) an? temperninre 211 have fixed natterns of Aisiritwtior within
the cecre cf the flov field and their vzlues do not vary with time; these distribu-

ions are £lso called speed fields, pressure fields, density (or concentr-tion)
fields, ani temiwr ture fleldz, ez ing the performance of tests on vhole combus~
tion chamber dezigne ox marts of these designs, vhether it is with ignition ox

only in the ferm of an air Tlow testy by the use of tiny transmitters or laser light

ot thchni~usc cennecied o mutinle path data collection and rreocescing rachines

/..“_

TTT) esvivood vith a pyirter or an ortic2l Aisplay, it is possidble to mezasure the

form oo U Urotrilwtlov of Tiov cpeed, density, prescure and temperature, This
prve It s mmazd wefovence value for the work of determining and improving the
mow s LIV 0 =l emuetuves of comtustion chambers, On the basis of a thecretical
walrycte o0 Tl T0 10ey il rroeerc of fipuring oof the charmeteviciior ¢f flew

Tields car fntex Irte a relationshir of mutus1 ceorreberation with the results "of
terte dene oe (IfTevemt fomms andt sharers of comhusticn rhambers, and ihic cun forr
the aris Tor the T-5t rreduction of rev shapes an® trpes of combustion chambers,
This mkec it possible to save e~uinment, manpower, resources and time as compared
te "dimcacion aﬁ_ezué,c;;, hishealtitude £litht =imlatim, and combusticn chamber

componant test" procedures, .

Plov fields analysed from the perspective of fluid mechanics are partial

aicvractions of re2l flow fields. For example, hen cne i1s analyzing the Tlow Tield
- -—

of a diffuser, one uses & value of u = 0,99 U as the bown?tary line of flow vhich

v

is us=d to divide the main flow field from the boundary layer flow field, In the

R P T G

case of 8 jet exhaust, it is vossidble to separate the core flow field, which has
an even flow speed, from boundary layer flow fields, which ave characterized by

turbulant shear forces, In such main flows or core flows is possible for one
to ignore viscosity and only consider compressibility, and such flow fields are
call aviscous, avortical or potentiel flow fields, In boundary layers, if it
is vossible to ignore compressibility and only consider viscosity, then, this
type of flow field is called an incompressible flow field.
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Many designs of combustion chamber are axially symmetrical, In the flame tubes
of single tube and cannular types of combustion chambers, the mid-lines of these
tubes can be tzken to be the axés of symmetry of the flow fields in the flame tubes,
The axis of symmetry of ring cavity combustion chambers is the centerline of the
jet engine, If the air flow parcmeters are all the same at equal distances out
from the axe= of symmetry, that is around the circumference of a circle with the
cuestion as the =adius, then,

avie of eymmetryr as iis center and the distance

[N O R

3

*he radius and evis of symmetry of the flow fields involved is called tne mexicdian

ir
2llaf ar avievmmeixic fov field. A vertical cross sectior rnins throuth

Q

plane, Xach meridian plane in a flow field structure is similar, Therefore,' exi-
symmetricy threeedimansional flow fields can be simplified into two-dimensional
flow fislds for purposes of handling, ¥ven if a flow field is not axisymmetric, it
is orly necessary for' ‘he mechanical strueture to be axisvmmetric in orxder for it
to be possible to take the flow field and "eut it up" inte severzl planes of rote-
ation and mrridian planes, vkich car be analysed as two=limensional flow ficlds, and
then mat back together into an image of a three=dirmansionzl flow ~i<ld., Tne

blade cascade in the plame of the blade vheel mecharism uses precisely these planes

- . - . ~

of motztion to cut up all ¢ Lliizs end open ther ur ic form plane flow fields,

(4]

2 The eddy current arraretus of combuzii:n chambors hes spiral flow Y-y = -hese
ca: 2lso be cut up to form a plane blade cascade, To tzlk fcr a momert abtout the
fowra~ saction of flame tubes, the rirp-shaped spiral jet whick comes fror the eddy
current an-ar-itusscar be thournt qf as & three=iimensional spirael {Mov {icld in which
a vortev is adjde?! 4o a jet. Tach gas distribution hole puts out one jet, The zcld
air jetg *hat eni-r through the heles where the gases from the main combusiion and
cocling areas mix together are blown away and bent &nd brokem upr by the hot gases

< from the min air flow within the flame tubes; this creates a three-~dimensional

1o £ield vhere the hot and cold air flows mix together,

Tovins on to a2 mo~e generalized discusnion of combustion chambers, if there is
a vervicz2) turbulence flow present in a combustion chamber, then, one cannot igmore
viscosity any longer; if thewe are changes in density, then, one can no longer ig-
nore comrressibilitys; if there is a temr~rature gradient, then, one can no lmger
ignore hert tronsfer; if there is combustion, then, one cannot ignore changes in
the constitution of the gases involved, ZEven if there is no combustion, a ccld
air flow test in the interior of a cambustion chamber creztes s three-dimensional,
viscous, compressible flovw field, In order to simplify calculations, every effort
should be made, on the basis of the structural peculiarities of the combustion’
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chamber involved, to divide up the three-dimensional flow field into several local=
ized, two-dimensional flow fields, Speaking of combustion in general, the larger.
the number of types of gases it mixes together, the more complicated are the analy-

tical commtations associated with it,

Sec 2 TFlow Field Gradients

imor s the peameiz»n asseciatad vith Tlow flel7r, T ere 2re rome wilch are

R - - 2 i 24 Ead ~ - - 4 -— -~ -~ ~
cimels parmerien’ rvartidtlies o7 gire and have no Siveadiow gdorohed 4o them, o

eyaryle, termemmture, T, concentr-tion, ¢ (densi'l'.:', p )y, TTessuTe, Py MeETLYy Iy

E and sc cn., The space in vhich non=direciional par:meter: are distrituted ic called

- .. R P L I - ~ o L T, R W
¢ nuantivtilve f1:14, neTE &Te §0MPe TATFINUOATER, sty ¢l nmave rct

-

itade, tut alst, a2 directional zualily to them, for enarrle, oreed, Y4 accelier-

[

ation, g s momertum, ‘mV 4 and force, F, 2%c, The space in vhich diractional mer-

Yo L/ . - —imay
& VCIOTlT Zio1G. B S £ QomoucT cr

-
-~ - e T RIS S

£33, hut ol 2 weoter fied T 2 m2T, 1T

me taltes §2a 1=vzl an 2 bung.y Il vemrwmasde doe Todeid o8 menietode e aed e Tpe

covvonr line, rev

’
vhich the contour lines z2- Mhnme *G sy mav~s oromm om0 mae ST sTeeed st T e
the gradient is larce, oo wrenc ez leoU Tzooo T T ITaTaTt trom

{ of lov temrrrature, an? thic he-i flow s regueoor st T g (henlfrTes)y Ay siven

~unctonne fIffuger Tror vizeces vhere 3te conemmtv o cior e ooyt g

miocer thare i+
= wiocer vhere I%e

n
rontent-~iion is smarce, 207 thie diffusior e wer—ecenind b f (igfri.s); cmses

et

an

IR

to flow from areas In ~hich the rresgure is ¥i7% ¢ zrens in vhich the =reasire

LEP TR e84

« )

it leuy 2n@ thic densidyr flouw iz meprecented Yy oV (hz/r o,e); 211 the nuantiities

3
8

tioned here are vector quantities, Tnh a fliow fieid under examination, it is pos-
cible to “waw out a contour man for fotal rrescure, fot-1 termerrture, concentratim,

< TRt T V- B PR 5 S 00 T L U 2 PR SO R e P T Y o
S eks e~ foxr il 2w Ti2TE o using sevoer I opoirt ovaTuer L

e - . - P

n

cr e resnecilve Tuine
ties vithin the flow field in ruestion, ‘hen these curves are »rojected ontc a

; cooriinate plane, they become ncthing more than isothermal lines, lines of egual

§ . ~rcssure, ete, , etc,

In the cagse of 2 otable flovw field, it is =mossidble to get the distribution fun-

e

~l - -~ >, -q %,
~tim Tor tctsl rressure, overnll temperzturey ans econcentr-tion vithin the space of

the flov field, ard these fimetions are called 'potential functimns b= (Xy¥92Z)e
? = a constant, and it is c2lled the etual potential surface, Conceming the pot-

ey g
r ¥,

ential function, ¢ , its r2te of change almg a ncmmal line, n, or its directional
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derivative is called the “gradient" of ‘¢+, grad g-

7 ) ) 0) 7
gradp = Vo = 1——6 +I_+k._6z ¢

Oy
8¢ 8¢+ B8 .o - ‘(4.1
6: + A 0z . . )
i, j» and k are respectively the un:.t vectors for the positive lengths along x,

ye and z, The inverted triangle

and it is the vector differential of the orthagonal coordinate system or the operator
of the directional derivative. The symbol, ¢, in a d of itself, is a vecte>; there-
fore, the gradient, V¢ is a vector, which has three compcnents, one each alcng the
X, ¥y and z axes. DBy using the concent of the gredient, it is possible to derive
severczl formulae reflecting basic principles, For example, in the investization cf
<ke hoat flow ihat iravels outwazd turough the equipotential surfoce as well as the
investimatian of the ouestion of the diffusion dencity flovw of physical substances,
ete, ¢

If one ascumes that ¢ = T, then, the heat flow

T

- BT ’g—- w{kq}{m’as}
q_""lVTB Z( ’F Q’_:)’:&ag‘ >s“”’i"‘ >

R )

~ .
"2 is the rate of thermal conduciance (kecal/m”, s o E), The hezt flow, gy ~nd the ter=
nevsdture =diemt are yel-ted guartities, The negeiive sion errresses the tramsfer of
heat from areas of hirh temper-ture to areas of low temper-ture as well as the rever-

sed directim of the gradient. If one makes ¢ = ¢, the diffused density flow

f=—DV¢"=~'D(t§-€-+ ; Be +ka‘) Tkg/m? -
Or ay

(4.3
D is the 3iffussion coofficient (n” /"), and ¢ is the concentration (k(_:/m o “The dif=-
fusion density flow, §4 and the concemtration gradient are related quantities, and
they are related by the Fei XKe enuztion just as the heat flow and the temperzture
grdient were melated by the Fu 1i Ye equations, The nesmtive sign expresses the
mutual omnosition of the directiom of Aiffusion mnd the dir-ction of the grzdiert.
If one sete ¢é= tc the rpeed va"lue; then, the density flovw

—-_ e - e __62 '2—4—,--}- 22 2.
Y Vo p(' 6x+’8y l(a) [kg/m® - s}

4.9
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- The gradient cof the speed values, <g¢s equals the flow speed vector, V, and the dir-
ections of V and the direction of the gradient are opnosite.

Sec 3 Practice in IMultiplication of Vector Quantities

(1) Sunrosing that the included angle between two vectors, a and b, is @ , so
thet o<, Then, the scalar product of a an® t (ihe ~cint rroduet) is & pas-
ritudic 2T = 2 rre 6,

6=90°a-b=0;86=0°a"b=uasb, (4.5)
Soncermine the mamitudes of idertities

iti=itj=k-k=1, i-j=j-k=k-i=0 (46

r

(2} Mo "eactor mroduct” of two veciors,” ® and b s (2l7c called thr crszr mroe
duct) maXb=c¢ “hichk is 2 third mammitude, ¢ nermendicular to the rlane cf & mé
. b . I i the included ancle between ®, and b, so that 08K,
The remitude of € is c=aXb=|s|-|b|sn6 (47) = the suxface

arez of a guadralaterzl,
The directicr of € is 42-- - ine’ hy the use of 3 Tuie czllied the lefi~hznd cmm-

ven S, cmnt fzy gme teles the Thumh of mme'e laft hand and wraps his thumb and hang

{ T¢ thet the thumb of the left rand noints in the direction of €. and that the other
Tonr £L mave v s pwacr d o that Aivection a4 an anfle 6 <x and coincident wi*v ®,

Cry, one ccvld think cof it as looing up the vector, €, as though it were an arcvy
a3 ) ? 3

»oumd the arvav in a comisrelcockwise direciior a4 v on Y-,

o

Iy ool » e, B TUTMS

f<x and ngineident vith b, lecewding to thiz mvle, if the cross rrodusts of

® and brare wevorsed in oxdez, then, the direction of ihe thimd vecter, €, is timesd
arcird, thet is,.

bXea=|b|-|a]sin(—6)=—c=~(axb), (48)

If we “all 2bout the thres "unit vectors" i, j, and k for a moment, then, we come ur

with *he £c1lnwing relationsring

t. iXimiXjemkX k=) (4.9)
;xi-k’ixk-is kx‘.-i;iXI'-—k,

! kX j=—i, i Xk=—j, (4.10)

]
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(*) "The dot cross rroduct " of three vectors, a-(bXe€) is the volume of an
eouilateral parrllelipiped, a,b,c , Since (bXe€) represents the lower surface
area, and a represents the slope height, The included angle between.® and (bxe
=6, a-(bXe)=|a|cosb- |bXxe| . , and within this erpression |a]cosf = 4
is an a2ltitude verrendicular te the base surface area; if, in ecuation (4.11) there

re the three vectors a= ia + ja; + kay, "' == ib, + jb, + kby, € = ic A je; + kes ’
then, it is vossible to Vuse determinants to exnress the dot eross prcducts of the three
vacteors
lay, ez as
a-(bxe)=|b & & (4.12)

€ € T3

Due tn the Tret that the "dot rrojucts" of the three vectors renreseni vclumes, if

a-(bxe)=C, thn, the volume equals 0, and the three vectors, a,b,and ¢ ,

rvet 2ie vi-h'e the same nlane, The >everse of this is also true,

(7, Tre Crmzinuei Cros- Iroduct of Three Vectors

ax(bxel=(a-e)b—(a-b}  (4.13)

L
The exomc pwedtnt 5f tys vectors, PXe=d ,ic a third vectox, d.. vhich is nere
sndiauTi Gl wes stere of dip gmisiva) fyr vesione b, andie , a X (b Xe)=aXd=e

e g mevnandicninr to the »l2ne o7 vericrs 8,ans -d, and is still & verticx,

- ’ o L. -

“Aamtinuous Teuaiions and "Diore~sion" of Tlow Fizlds

Imarine the use of a thin tronsparent film of =ir, which is alsc crlled = "con-
itrol surface",.8 , and closely adheres to the inner alls oi flame tubes 2« well as
int~les and evhausts an? coats them (Fig 4,1)., The space within the thin merbrane,
Ty Iz ent el the "eoriwel velume', VS. " Mhewe in r1tieT, momentit, wexrmt, oic, cori-
inusuely vassing through VS from the surfazce, 5, and flowing in and cut of ths flame
tube, On the suxface, S, a designated proint, P, has rnning throuch it the nommal
1ine n, an? the it vector, B, alcng the normal line, n, Around the point, P;there
are deliniatef a differentirl surface, 4S5, ar vell =s a differential velume, av,,
If one set- the ircluded angle between m and the flow speed vector of outward scat-
tering equal to (6 at a point, P, then, V-n=Vcosb which is perpendicvlar to the
outward flow speed, 45, If one establishes that the direction along extemal nornal ?

liney, n is figure? fo be prositive, then, the matter, momentum and energy, etc.,, which

sre Flowing out are figured to be positive values, and the inward flow, V_, is con-

T8




sidered as having a negative sign. The volume, @, which is dispersed outword every
second from the control surface is V-m, is the integral alorig the entire suxface,

S, and is c¢.1led "scattering magnitude":
0=¢' V- nas (/3] (4.14)
The "divergence” of the speed vector field

s
div V=9V = Im [Q]— lim 4:.'______‘,'“5
a0 Lav ] T wnte | AT

(4.15)

+he divewgence is ejual to the volume scattered cvt from *he rortrel sure

trhorefor~, =
face, S, ever second, from each wnit of control volume; the wnit for “h'c quaniity
e (e foer), Then AV | tendr fowsm & troce amowmi, &V, It if poseitle dooche

tain fror e~untla. (2,13) tre relaziionshin

0=V nis = " oVav, [wis] (416

ma. &mtatvf,. LHRES

Pig 4,1
( 1., Control Volume, Vs’ and, Control Surface, S 2, Valls of the flame tube

The equntion atove taves V:m  , the double intes~ 1 alonr the suxf-ee, S, and ~ums
it into the diverrerce, TV on the hasie af the trivle integrzl of the volune, VS. '

In fluid mechanics, this is Gauss's theorem,
The diverpence, VV. is the dot product of two vectors, and is a magnitude,

e

! Using equatim (4,6)

A- d|vV=Vv‘(”‘§'+’ +k"‘) Giu + jv + kw)
f ) 8= oy |

}

T B W 0w g (417

L {
-~ ~ B« By - oz !
'R Imagine that the micro-masces of gas in Fig 4.1 have a &V, value that is ap- |
nropriate to elastic sclids; in *hris case, the three partial derive'ives on the right ’ '
P
[}

R .‘ -
R 7




side of equation (4,17) represent the rates of change of the "tensile strair® almg
: the x, vy, and z axes or the "linear deformation rate",
Take the syrﬁbol § tc represent density, e lkg/m’]
or total enthalmic density pi* (keal/m’), = (kcal/kg); with these ideas, then, it
is possible to generzlize itne concept of "magnitude of divergence": i,e,
~—the amount of matter, momentum or energy which is scatteved out from

s density flow, pV(kG/mz‘S)

the control surfzce per second
=§S§V - ndS (4.18)

PRI R / e
==ithin & comire? bodyifor metier, mom-orow

formztion p-r secend

gﬁ ~av (4.19)

~ momitude {or materizl

—if one *t~ker £ = p, them, the matier sa-<varin
rate of outvard flow)

=§’spv - ndS™ “Tkg/al . (4.20)

If, within <he control boiy, ihers g no "point eouree", (thet is iz smp, 2 sevree
thot rives out metinz), om Chere e zlrc me Vsoird po TV, st tn ot omnnaonl
Vile et Aol patier Cignaenenare ) 200CDRins to the ewmivatelo of fer ecespeersfoe
of mass, +ithin Vs, Pt ic et roemihie fe eimwiee o g ool e RlTe 10 le
) necessary to resur 1y It Ixor cuitldeller mertiovicc ol LT UlTnr, v ocmeoroslue
‘, sion, and, for —esu~rly ¢” masc we vVSe 2 memtive ') trevefcre,
éuv’ % 4y, = —f oV -nas  (421)
O: .
! ’\,aw',:f:}v f'l:v', ,pv, ie 2 vertar Ffvnm whish ’r\:- tun e AF Fan A C‘?:"'t cr "~‘7‘ve7'ge'vce,"

Tius pnustior (/.,16), T+ g than -vw:e“'t]o to faveley fve 2 atispchli-

- § a" av, =—95 v - oVav,,

or

|’J , .
j [?’ +T -V ]d1,=0 (4.22)

4 o1 ’

{

‘. Fwn~ +he eruations aheve, it necesnarily £ol ove thei
1 ]
i
‘i' . §£+ . = —al .
’: y VoV B +oV V+V-Upm=yg (4.23)
Yo
> 1 In 5 :

mnstable, comprescibla flow 3 sity ire Mot i
: ’ rreseible flow fields, density ie 2 fimeti-p of c<ime and coordiinates,

p=p(t, x, 9, ), e If we use the verfect differential method

of solution on the basis of the pulii-vax riable functio-s, then,

"OML“‘ ——-

>

Lest

oS S

Ox

dp [7) ) 2]
dp=—-L g 2L g -+ C2 Ye

80




R
o o

S e g e %

R v g o

3
.
IS

N
S

If one takes the instant, dt, and uses it to divide the various cuantities in eguation

(£.24),y because of the fact that
A=

ay_ .. ke
%—u, —di; v, a )
therefore ’
° dp _8 B0 dc B0 dy  O0ds
i or 6: dr By & Oz 3
o 82 8z
Ve is the sradient of the numerical field, V=;u+1v+kw, 3 accoxiing to
s f s e N

/

8 ‘Bo. d
Y- ‘qu-(w+1t+kv\r)( 2L +I By +k-af\

e ?Qv+a" (426
ox + 8y

P commering ecuation (4,25) and equztion (24.2€) it is possible to ohtain the following
romalt

o9 L y.vp (427

dt O«
I8 cw~a ~ubsiit-ter this ermrecsior into equation (1‘..23) it ie poszitle to obtain the

centinuity ejuation for 2 three-dimensional, wnstable, comnressinle {low fields
dp .
}‘—-}-pV'V-D (3.28)

-“J.’c

1If ve rave use of the Aiverzence of eruation (£.17)y ithen another form of +h«
? Vo ? ’

cortinelvy enuntion is

[ S

ap v ap + 6<PU) + a\p‘) + a(()\‘\) =0 4,29
o o | or . 0y b (4.2%)

W]
()

In the ecnse of an incomprescible , stehle flow field, (6p,/8:) =0 y ar

the ’ii‘\’ersence, VV- 0, ([—099)
See 5 Tlomertum “quatione of Flow Fields

If ve use enuztions (£.18) and (4,12) from 2 preceding section, and teke § to
be enual to oV, then,
—the m~mentum dif‘used each second from the control surizce, S,

S. -
= § VOV - mas
—=t'ithin the contrel body, Vs, the rnte of transformation of momentum

ner second
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_Sﬁ'a_@llav, (N1
- O
~the total outside force exerted on the control body
\ 4 3
Fe= é ‘ Qﬁéﬂlw, + § VCV -m)ds [NI,  (4.30)
4 " 7
Douation (4,30) is the total outside force exerted on the control body = the total
rate of trarsfoxmation of nomentum of the control body,

(rai='“a forese cnrn he dfvide” drde dwr Srmar:

() th-s forees,  Thet fe e mmy 24 e my Tt T oAstoe thate is maes tho- entone
nal fcxees can be fell, Tor example, gravity, pg + C~trifuml force, mre' |, inore
tia, ma , =5 well as electromrmmeatic forces, etc, If rmicrc-masses of fluids have
ne Tumll D ocotion arewnd £ cocriinate avisy, .6, @ =05 ‘hew, theve is nc corivie
fasl foree, '

v
The force of gravity exerted on the conircl body, Vs= § ‘' pgdV, [N], . 43D
- (2) Surface Forces, These forces include ertemmal pulls and pressures on the
contrel surfacey 3, as well as shear forces which rub alag the suxface or friction.
Assume that each square meter of gzs has everted on it a surface force = R (X " )
- 1 4
The surface forces exemiad cn the contrcl body, VS-'-' é'RJV, {N] (4.32)
‘ Becauss of 1hiz v v v : ‘
¥, ~F=§‘pgdl’,+§‘ Rdvi=§'wd[}‘
{ Ot
‘ s
-+ 4: oV(V : n)dS (4.33)

Accoriing to enuati L4116 s v,
. cC g o wation ( g ) é pvcv . n)d.S = é V(pV . V)dl',
vl
- 36 [bV(OV) + (VV)eVidv,,
‘ “her ecuation (£.74) is substituted into equation (#.22)} it becomes

-0

If it is necersary for the integral to be equal to O, then, it is necessary for the

(4.31)

integrated function to be egual to 05 therefore,

| ane“_’l + oV(TV) + (VO)pV = pg + R (N/m*] (4.36) ’

Referring to equation (4.27), if we take ()V) to szand in place of p3 then,

v __e!ld(“ _B_Ll(av + (VO)V (437) |
> - E
1 Howevar, ’ !
N _Qe_l“ > +V a (4.38)
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If we take the relationship between equatioms (4,37) and (4.38), and substitute it
into equation (4.36), them,

o N+ V[t poV)]| mer+ R (4.39)
According to the continuityv equation of equatibn' (4.28),' in the equation above, the
guantity in the parentheses should be equal to zero, Therefore, we obtain the mass
density times the zcceleration

pd—dy—=pg+R [N/m*], (4.40)

4

is the acceleration varticr

’1

The ne»faect nterr1 of V versur

= local accelerziion + shift accelerziion.
Thic is due to the f-et thzt the speed distribution is a function of {ime and cooxdi-
nates, V=V(,zx, 9, 2) , ani, if, accecrding to ecuzation (4.24), we use
the perfeét differential method eguetion (4,76), then, it is poszitle tec cbitain an
ecuation analogous to equztion (4£,27), Thevefove, ecuation (‘e.'C) c°n 2lsc be writ=
ten as the following relationshiyp,
The force exerted on everr cubic meter of the control body =

Vv ) -
—amp Y VOOV H
: Or
=pg+ R [N/m'] # (4.41)
“hat are known ac stable flov fielde ars actually flow £i:1°5 in ik *he 1connd
accelemntion, —f_éT‘ = 03 mereover, the "shift acceleraltion®gos—etill r-*e"o*‘b‘
Othemvise, the rmicro-mascses of ges would not shift ncsiiticns, anéd tiere would be no
flow, The shift acceleration (VOIV = Giu + jv + kw) - ( v + v +i BV)
. 8y Oz
8V BV : EV . ;
=y +v +w (4.42
Or by oz’ >

If one *~ker eguztion (4441) and »evriies it as thwee commone *s alcng the T, T

and ¢ axses (an o""‘*w"tma'! ooo*wimate Tuler enuztion):
( +n—+w 6“‘+wg )-‘-pg.-a-k )

8&' ) 'z
(av. Gv _ 6v -'-’pg;,‘l-'R k““)

P
.01 Br ay
Sec 6 "Circular Momentum" a.nd "Worticity" of Flow Fields

Chapter 2 talked about the fact thet, in boundary layers, due to the fact that

there is viscosity, g 4 the nowmal line y of a given point along the wall surface
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has a speed distribution w = f(y), and a speed distribution gradient of (3u/dy),
Due t: this fact, in the areas between the layers of a laminar flow there are viscous
shear forces 7 = #(du/ 0y)[N/m’] .

If, at a place of adhesion to the w21l (8u/8y) =06, r = 05 then, the flow layer
will adhere tc the wall because the force acting to blast it off the wall is inadequate;
and it cannot flow forward any more, so it will separste. Down stream from the point
of semar=tim, s, gases {low upstrecm against the currernt in crder to fill in the
veowr are ted Yo the flov larer srmarctiony  they, thov, »¢1l ur or themr-lrer and

hecare ciilec [Tip 2,2 (2)), fles coneeming homdar lnvemn, after those lavesms

SR
encomter o chstacle, suiden semar~tion occurs along the sdre angles, and this 21so
nroduces semartion eddies (Fig 4.2 (b)), If we take two larems of aix flow, Soing
in Ve s=2me dlvection, angd or 1) fhenm Uy and Uns and we further stimulzte *Wint thelr
e sis are not the same;  then, wnder these conditions, 25 pe = 0, then, ihe fou 1‘
aleng the bovndery betvreen them is smonth; however, if B #£ Gy *hen, ther ~ull |
ageinct each other, erchanging pomenitun and producing "id;’ layers (Fig 4.2 (<)),

These ed?iec are micro-masses of s vhich are rotating at high speed, giving them
an angular velocity vector, @ , Because this vecto> oan be resolved into three

compenent vectors, one for each of the conrinate axses, it is poscible to write

the following: m‘==m=.-|~ jo, + ke, ¢« Accordinr to the right hand spirzl
convention, the direction townxi -hizi the thresds cf - ~nird rove Ta- g -sridive

sim, This is the same a2z the ircetional rle for the cuose vroduct of t-c veetore,

Imagine tha? 2 tuming vorticnl mase is rrojected onio the x=y phane in ?“c R
cuch 2 case, the separ-tion a2mea, (=), the wake area, (b), and the vortical flow

laver, (c), are 211 vortiec~l flov fislds and all have spiral flows arownd the axic,
he lenpth of
the circumference, 2xr .; the area of the ring flow is AS=xr?.  Alonc the path
¢l tha ming flow, the lensth of the Aiffevential are A1 = M 8,
Comzoming V the "rinz verior®, Ty aromnd e roctr T oziis it egual 4t
3( V.d vhich is equrl tc ithe linear irter~1 ¢f the closed curve, L definad

by the dot product of the are “ifferential and the she=r line sneed.. Yo rrovide an

I3

zZo The Ciameter of the xing flow maih of the micro-macser cf ras is

exarrle, it is as thourh a smell *oneyr weve mullinge apminst and rubbing arainst his
coxral 2nd every second he rubbed a larprr »nd larrcar ares (m‘/s); this is vhat is
me-n+ Yoo a »ine vector,

Assuning we alr--dy lnov the angular velocity, ‘@, , and the ring flow radius,

ry then, V= r @, ,
Due to this f-ct, the ring vector
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1o Spirale Tormed Y Viscous Flow Sevar-tior Z, Vall Surface 2, Teint ¢f Senmarze ;
tiom 4, Temgyotisr Lyen D, Chemacle A, Tpil Tlow cx Take Arvez 7, Bowundawy leyer
. Semara=ior Tovrs Jmiral Tlow &, IZefrieiion Anrle Separation Spirals O, Vortical
lgvor 12, “udder Chanzes inm Tlcov “reed Tisdziwuiien Cause Vortieczl layers
r 13 L o= .
"u§ v.d]:-Lrlw.da (u.uz)
S = 2xr'w, [m%/s], -
The vorticity of the vwerr Tlow Ficll
{
N
§ -~ XRT = 2w, _ .
= P .
IHmR AS o =r? s (443)
Fir 4.3 (a) shows 2 spiral tuming around the axis, z, ac though it were a "sol-
(‘ id", with the anmular velority, @, If one assumes the F (x,¥) ie 2 fived point
selected on the sur™ oo ol r Voglid"y then, fror the tve cimllar i-imnles soerd
o out by the lines in Fiz /.2 (b), it is poscidle tc see thet v -uire,=xiyir,,
! : Therefore,
N . .
v L-—g‘!_‘_‘!-w.’
X b4 r
Y Due to this f2c¢t U= —yo,, V=z0, w=0,

}
"
i o The partizl dexivative:
§
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Fig. 4.3 spiral turning around as though it were
a solid.
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(g: 0“) - —-(w,+ ©,) = o, (4.40“

If equation (4,42) vere written as a sentence, it would say, " The vorticity of the
flow field, xy, ?-§. y is equal to twice the angular velocity of rotztion around axis
Zy lees 2.0, " The magnitude of the vorticity is nothing more then the speed cf
»orotion of the veo=iieczl masses,

Jomem:lizing this 4+~ a2 three-dimensional vortical flow field, Tf cne TunrToses

ck

-
1

]

r==a "r22ial vecter" put out by = point source, O, If the length of T Adoes

n2t chamge and only the direction2l angle, 9, (longitudinal) 2nd the declinatinn

5

¢ latituiinal, change, then, the end point of the "radiz? veote~", F,

L ’ sy
tr~ecns out, in space, a spherical surfrce, If the length of Par wéll as its dire~
ction doth chanze, then, pcint, T, traces out, in space, a curved surface, S (Pig

4

“ev)e One o2n i2ke 2 cross seciion of the curved suxriace, S, and cemercie the closed

curve, L, The projection of the flov speed vector, .V, of a cert~in reint, T, on L,
as i* is prcjected asainst a tangent t¢ paoint, B, is Vdr. 4 inic point idrex gl
and is the differentinr™ nsn “am~bh ~f $ha 1nzeR enve, L, “«=rn-r

= the vector difference of the em? noints of the two "radial vertcns" or ive tongent

L, In canjwnction with this, the »ing vertor, V, around the eomtyz ity O A is

movermed by the following evnressitnss
i L
r=¢§v car= OV dl [wsl (445)

Comcoming the differential area,- &4 S, wrich is cut out of the cusved surface, S, 0
is the wnit vector of the outward ncrmal line of A S and forms the angcle, ‘@ w:Lth
0 A, By the same token, the vorticity of a three-dimensional vortical flow field =
the amount of ring vectors put out by each unit of curved surface

«ulv-=€-=vxv-= Jim §3V - L“" -—-]

(4.46)
."Ihm ) 1AS —» ds,

é(va) nds-év dr-]" (447)‘

The equatma‘g‘bove takes the linear jntegral along “the path of ring flow, L, and tums

it into the duplex integrel of the vorticity (¥ X V) projected on m along the cur=|

ved surface, S, In fluid dynamics, this is c2lled Stokes law, The "vorticity" of
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V it the erosr product of twe vectors .V and Wi

1e Vorticity of a Three-Dimensional Mo
therefeorey it is 5ti11 & vecicr,

Ar1vine formula {4,10)

5,8
§=curlv-—-(VXV)=(,5_+,_a__+k_é_;)

X(lu+’y\+kw) =y Ow )/

+i 5?’5}') *(a:-« a,):».fm,«s-- |

-2("‘03""1'!0, + ko,) =200, - “(4.48)
For the sake of e~me of memoriraiion these melziionshirs car e reirrittern as the “cl-

leving 2lmeb~alie matrix
i .g' | B
Voo 2 [__._..1. o
adV=vxV={a," ‘5, "8z ¥ (449)

u ‘v CW . R n -

P S

Charter Two “~1Ved about the fact thzt the flovw speed vecicw, V, iz the grzdient,
V&, of the "velocity value", & (equation 4.4). According to eouation (4,17), it
is poszihle to write the "divergence" of V as iy Y=Y - Vg y and the
grodient of divergence = @« Vgle 24
div 'Smd ¢-V Vi-‘v’é -—*4’2'2
e PP,
R P u.' »

e N .
hatdl .,-. . hoy-7 ANV N

;6_,4; - "_, :“‘ '
e L

he "=iphteside-unr" triangle




- a' s 6'

and is ecalled the orthagonal coomd‘nate leplacian computational symbols If one is
solving for the "verticity" of the gradient of'4" U ‘¢ then, because of the fact
that the square of this vector times itself, v x v'= 0; therefore,
el i) k) )
= {s-= —-+ —
aurlgnd¢ =V X Vo xa +’a "a
.0¢p , .0 6¢> -
2 L 24 r ) =0 (45D
x('ax lay \kﬁz )
“he meaning of this is that, if a flow field has a velocity value, ¢+, ( in which
casey, it is ca2lled a “wvalue flow field" for short); then, its "vorticity" = O,
Acecexiing ‘tO.D-"_‘Jati\uu (4e42) 2ng (£.48), this ecuater tc the idez that @ = c.

Tnat Is tc c2y thai, except for an isolategd, special rein-c, within the flow fizlg,

Y

thers are no spirnl mastes of sas which have the form of a turning solid, VWhen com

2 te Tir 7.7y this simply mesns that there is nc viscositty p. Thave
is ment by "non-viscous flow", “non=verticzl flow", "positicnal flow", and “isen-
thropic flow" is 2ll the same thing, that is to say, ther 2ll me-n thet, within the
flow there is no viscous friction, there are no shear forces, r, waich is %o say
that there is no loss of power due to vortical turbulence flow witr the resulting

. comrezrion F el rewer losses into Yheat of friction," Because of this fact, if
ore does not Irclude boundsry laver separntion avems, srens of wake behind cbstacles,

=nd vortic 1 "low layers, them, it is rossible to say that tne "main Tlow aves i

‘ a flov field wit» nc »mc*ation vlaue to it, However, attentiorn should be paif tc the
fact that "spir-1s" or "vortices" can develop and expand; ‘hev can emlarge, brenk
up 2nd decay into turbmlence flow whick can disrupt the "mein flow field," 1In a cor-

" bustion chamber, in oxder to mark out such a "positional flow field", it is neces-

( sary tc ascume that cert-in conditions are fresent,

See 7 "Defrrmati~n Rate Tensors" and "Mairices"

{.
’ ) If one chosses a zeroc point which does not move, then, in a three=dimencsi-nal
. flow field: V =iu+ jv + kw; ; the radial vector
r-§73+iy+‘kx,_r-i—s,r-'j-y,t-k-:g; *(4.52)
h tove et e bl SRS . 4 -

el RS . R

Assume that the velocity vector for the origin pcint, O, is VO = 03 the vele
ocity vectors around the zero point (in its vicinity) =V ; if we expand V accord-
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ing to the Terlor series, all that is left is a first degree vector derivative, and,

in this case,
V=0+rigVis-D (Take careful note of the fact that VV is
not the divergence ‘v -V) (4.53)

Mefcrmation tensors"

.oV , .V av
=V = -+ + 4.54
-D "o oy P (459

The *threc rombirs thet Zerimoie 2 :‘:':.'t iy & throeetimongional cooriinats srrstenm
<
L

wvays  the nine numberc designating three vecteors def-

Aefineg 2 wveactor, r , in tha
The com~

ine a "tensor", D emuation (£,54) is a combinati~n of three vectors,
ponent vaectirs for velocity, Uy, Ve 2ni wW. Tecrortively, ave

Xy ¥y &8 7, and, altoreiher, there are nine first oxd-r partial lsrivcotives which

vmation, If we erpand the turee vectors of D, we cbtrin

2 o r
certial differventiales cf

rerrose~t the v te cf “efn

oV i a\_*_k__
or ! Bs

; 50 '-?l-e-(—af =D (4.55)

_'a“-q;i_a‘.'.'-}-kﬁ s

T oist hand fider of the three ecuations in ( «55) and ar-

{ If one further tnlkecs rig
mnens the wive firet awjew -ariisl derive tivee i orfer in a matrix, then, one
’ obtolne “he
Ou S Bw
O0xr 0Ox Or
JBOu. B Bw 456)
- _ . . - 4.56
"Daoformation Late Matrix" Oy o6y oy )
18u v Ow
( 0z 8z Oz
Sec € "3meed Teluc” @ -rl YTiav Iumetlon" @

(1) Conceming the spe=d value, ¢, if cre is speaking cf a flow field that has

o
2
= no rotational value to it, then, accordins *c ejuztien (4.42) cor ecnrtion (4.48), @ =
L Geerie (e m
‘ ‘-‘ y ax ay ~.. ._a’ ' .ay.’ '—.. .
'S 1760 Bw By Bw \
K w=7(5 &)= 5 = w4
! l(Ow bv) Ow -~ v
\ 0, = —| ——— — —— 0, — =y
R 2 \ %y Oz 8y 8z
)

]

/O

?
2
~
+

. \

i
—dpr 4.~
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Ls far as flow fields are concemed which have no rotational value to them, the speed

value functiay 4w 4 (s v, 2, 1) s when solved for the perfect differential

= 0¢ 8¢ 4y + 8¢ 4, + 824 (458
do Oxd‘+6yy azds o ¢t (4.58)

hecording to ecuztion (4,4) from Sec 2, the gradient of ¢
gradd = Ve =V =;0¢ , .00 a¢
o oy +k
=3u + jv + bw

is chade MI~t om o cmmation (7,58) and 1rad- to the comclurirm that

8¢ 9 8¢
— == — w= y —_— .
Bz 4] ay Fy az = w; (459)
Ir oa cialle Do field
I T
% =0 thusdp =udr + vdy + wdx (4.69)
Tiammas e - N2 frpt thzt e om fgtmieadt ~n )
Then e e ne e _____nbd gigteimutio u _,(:’ ¥s ,)’ v = f(!, ¥s g)’
w=1(,y, ) ; “*hevefcwc, it follows that ecuation (£,60) is the perfect dif-
PrmenTlT 2 Se rooet v lus, ‘¢, and it is poscible to get ¢ b mtemuzﬂn. Cry, tc
P
it It oL gTtnzx i arowmd, it is only necessary to knov the speed value, ¢. and it
Deen e corrnlt e, % zovsh 2ifferentiation, to solve for the threc comprnent veeters
O T s ety te Ty thamy e gnlwe Toxr the sthele velosit ficd,  FReeauze

nir le tme, Tlov filelis ildch have no roirtisnzl vhlue to ither sre etirely svusce-

TEIFT e mo Famomamiarl mmnlveia wifak satiae 15 maceiTWie o mrleniste fhe’r gneed dise

(07 Tiow Tumecicn ¢
3= 1 trlked ahout the fact that, vith axnizily evmmet~ical flov fisldg, it is
noszitle tc represent them as two=dimensi-nal flow fields either or 2 meridian plane
cf on 2 rlme of revolution, The continuity etuztien for a sizble, comnressible,
“op="ttenslomzal, rlane flow field i as fcllews a~roxding tc eruntion (1,27)
Bpu) 4 _(_""..2 , or o) . &€ v);
Ox - o Ox Oy

Usmg an isethermic density, p 4 to elimmate various guantities from the equations

above

;55: (fg) - ??; (%) 461

assume (I v, S £ u; p* = constant
Bx Pt 8y et (4.62)
o _ 8 (:&‘) Sy _ 8 'ﬂ)
Oydx 0y \ p* /° 919y Ox kp. ’

LY

s
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Conseouently, according to equation (2.61)

L.

&% = » L
8yds  0sdy" e

Solving for the perfect differential of the flow function ¥ =1d(x, ¥)

8, LB, (4.64)
== —-dx + —d -
-d¢ Or Oy Y .

L)

Suhetidning enuntion (2,22) intc equaticn (4.54)
iy = (-— £ v) s + (‘% u)dy (4.65)
o

Because of the ~omAitime of enuatinn (£.63), it is possible tc intes~ste ecuation

C8) = sttair the fomeiion ¢, If ¢ = 2 constant dlﬁl’ ¢'-?, ceeey thermy. d¢ =0

\Te~ -
e
-r v)dx + (ﬁ )d,-o,

. &

P p
Tris also lezds to ~vdx +udy =0;"
cr

u v . S v B N

TR "d‘i'*‘—.' ~ (4.56)

éx dy dr - w -
Dauation (£.,66) is c2lliaf a " louw line stuation®; itk thic etoriler ) 2% i poSe

sitle to dravw out, an the x~y nlane, the flow line ‘¢ = a»1, ‘4"2......; therefore,
' is criled the flow fnetion, Obviously, the direction, v/u, of the sneed vector,
V =y + jvy i8S Trecisely the direciion, (dy/dx), of a tangent to 2 c:rtair point, F,

on the flovw line; this is precisely the definition of a flow line, Tir 4.5 draws

out 3 flow line svectrum of a two~iimensional, plane flow field, As~ume that & per-
vendicular to the surface of the Fig has a thickness = h, Then, choose an interval
distance, d5y bLatween %o flow lines, 3‘ and d&fv .' If one does these thinss, then,
the flow amount passing through the cross section, hds, = dG, The projection of ds
or the y axis = dy, and the projection of ds on the x axis is =dx, From Fig 4.5
one can see that the microflow aC -ﬂ(h“x‘{)“$;‘»[k’;ﬁi:(‘m
hccording to equation (4.65), T

—pvdzs + pudy = -"JJ; : Eliéf'e.fca—i':; 4G = hpdg ('4-5’8)
The amomt of flow between the two flow lines ¢ and ¥:

86 = Gy = G, = h* (2 db = ho* (s — 4 Thgs),
. - . (4.69)
The flow function ‘4’-; which corresnonds to the flow line which matches the
solid surface of *he wall‘ is equal to 0, Because of this fact, a certain flow line
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~ '¢ represents the amount of flow in the irterval between the given flow line and the

*
surface of the wall, #°° ¢ (xg/s).
“Then generzlizing the flow function, ‘4’{, it is by no means necessary to assume

that there is no rciational value attached to the flow field being considered, There-

fore, the fumetion ‘¢ can also be used in conjunetion with flow fields which have
Eowever, because this is based on a two-dimensional continuity

rotational values,
ervntion, it is limited in its use cnly tc two~iimens®on2l flow fields, The con=-
tinvity etuatior for an incemprescible, twoerirmerclonz) figw fiell is

2

- s -Bu
Iivarooncd vV =——+ =0
Ox By ?
Decause of thie Oz v oy he (4.70)
y
&1
&+
S
pudy +\/' v
-l

I !
- W15 kiR
T - =
- g e
Te A Flov Linc Treectrurm foy a Two=Dirmrmeimel Mo Pi-id 0 2, Incide Wall
(’ Commazing equaticn (/.59), i* is nossible tc eee that
_.Q.dzqns_a—‘b-n’ _Q.Q=—§-‘l’_=v (4.71)
8 - By - Oy - O

ot - P a2 :
The praiient for the speed value is

4 - (.8 . 8 .0 .00 . .
d -(-—+ —) o " ==
grad ¢ xa‘ ’ay ¢ 16:+16y su + gv

: ot e Al AL 6 . o - (4.72)
r, The gradient for the flow function is
; .
r gndd~(i 2+ 0)yn ;00 ;00
RS 88 by '83’ +’6y

28

: ==+ (4.73)

!
"‘
g

Conceming the scalar rroduct of the gradients of ¢ and “¢¢ according to equation
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L

(4.6) the matrix ﬁ-ﬁ_- 1,_.‘,‘= =0 y iT this is so,
then, grade - gradg = (iu + jv) - (ju — iv) =Sjul— isuv + jjuv — v = 0; ;
therefore, grad‘dv and grad ¢ -~ e orth-~mal gradients, that is tc say, the
equipotential lines defined 'b3¢ = %5 ""”2.... and the flow lines L . "‘"1, '4"2...
are families of curves which meet each other at right angles, and each four inter—

sectior points form a square,
Sec ¢ "Teirt Sources" and "Icint Sinks"

+ us ascume that we h2ve a spead value function @ =‘%» r= (s + -+ 2D
= the length of the "radial vectoxs" (4.,74)e b = a coistent, Souipotential svr-
face, ¢ = P 11 ¢5, essp that 15 to say that is emuzl to the length of the Y=alizd
vectors ¥ = I,y T,e.e..which describe concertric srhericzl surfaces with their centers
and origin points at O,
The endsslon Tlew spe~d vector
VHM-.V-Qf%:y-—.-:—.," (4.75)
and this is permendicular to the equipotential surface, (4.75) The amownt of flow
erm~it=ad fro- t'e erisin peint, O, is G 4xr’Vpom —4axbp [kg/s]
) 4.76)

“rustiorn (4,7€) an? the rmdius, r, arve unrelated; therefcwe, the amount of
fisw mich =rnsges +hveurs sach spﬁerical-suri‘ace, Gy hre the same v-lve in 211 easzes,

If the coms*mty, by is nreititve, then, the Mlov lines concert+ate thamselves
tows>? the canter of the rrheree and lezl out in the amount, G (kr/s;; becavse =f
this fzety, the 0 point is ~21led a "point gink," For eramrle, speaving about *he
outer ring cavity, the small holes in the walls of flame tubes are all "point sinks",

If the conetont, b, has a nerztive sign, then, the flow lines are emnitied

tvmd fran the sender of the apheres and serdtere” 22 the mic of G (Fofe). Tae
fore, the 7 pcint, in this inst-nce, is called a "point source". For example,
+he vanporization of the fuel droplets which are sprayed out by centrifugal or strai-
grt jet nozzles,

These comcentric sphereicrl surfaces are all surfaces defined oy equal rres-
sure values (Fig 4.6,

If one is dealing with a "point gini", then, the closer one comes to the 0
point, the faster the flow speed, VL is Boing to be, and the lower the pressure,
¢+ is going to be. In places vhere r m O, V=, . This is actually impossible.
Therefore, the speed value funetion,’ ¢46/r only represents a flow field outside
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Chanter 5 Momentum and Fotential Energy Equations for Viscous Flow

Sec 1 liquid Micro-globular Surface Tension

Imasine a liouid micro-slobule in the form of a enbe vwhich is separate and
standing indevendently away from a viscous flow field: (Fig 5.1) Using an ortho=-
gonal cooriinate system in x4 y, 2nd 2z, the volume of the liquid micro-mass, st=
dxdydz, n e2ckh of the siv surfaces of the cube~shaved micro mass, it is vossible
+ pocitive tonsile (rressure) forces which act on exck face from three

TesTys O s it i vosgible tc ident~

~ S & 2 4 2 -
ZIf7aremt Qirecticorzy  these ave

i85 f‘rictior. shezz foxces vhich act from six directions ~-ttese are Tays Tyas €pyy

Tees Cyues Loy . FPFach surface receives the influence of one nos-
Torec, ¢, and twe shear forcess ‘v, The base coordinate of these
she-» forees, ¥, is determined as follows: the first of the base coordinates ind-
icates 2long vhick co~rdinate axis the direction of the force lies; the second
base cocrdinaie ic wihich cccxdi-ate axis the plane of operation cof the force Is
permendicular, For exemrle,'f.'yx indicates that this force muns along direction ¥y
and its plane of operation is perpendicular to the z axis, The totzl foreds which

act an the suxface of the liquié micro-mass alcng the direction x
(a’, __8_0'5 dr)dydz + (—o.)dydz + (f,, +'Qr—’1 dy)
ax 6y

X dxdz ~ (1,,) dedz 4+ {t,, + %Eﬂdz) dxdy

+ (—7,,) dxdy = (%? + Q‘;—;:- + é-gu) dxdydz .D

+ “he same toliem, the total “orces vhich act on the surface in the direction y axe

L]

(6_1__: ik o B, +?-¢'-r dzdyds
by 8s

Acet z2et o the surfnee in direction are

Ory 4 O7py , O,
'(8: + Dy + )dxdyd: (5.3)

This can be writien as the three component forces of the surface temsimm R

hich is everted on each wmit of volume

T
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Fig. 5.1 micro-globule in the form of a cube, separate
and standing away from a viscous flow field.
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Fimmame +hat the euhe-shaned liquid Ricro-mass in Fig 5.1 is an elastic body

o.orm e wrodle L7 dnie im {™ey w.ony the ioiz2]l moment of forece arcund any
CooTLL L. LNLiS==Xy Ty OF == ig etual ic zero, For evample, the moment c¢f force

aroms the - axis ic e~ual tc zero, and it is possible to obiain

7,.dydzdr = 1,,dxdz2dy, (5.6)
el LI Ty =T, G
Lemoriing o “he same princirtles, it is possible tc obtain
Ter ™= Tess Tuy™ Tyx (5-8)
Ir 2 ie e, the mineg fgrees 7211 “nto only six types which determine the three
e monant Torven, Tiens llree combonent fores: Lo llne ihe tcizl surface forces, R,
LLTe e lnovhe fowr of tooelgits - mntriyg IT = the
. - AU L
Os Tey Tes
R=V-NNe=V- {1, o0 Ty (5.9)
. Tee Ty O )
Feomc s, e fhie pmdris che on-ogite rocitione in the unper right and lover lefd

si
arvrosnmm? 4o erual mamitudes;y  therefore, tris is cnlled 2 "symmetrical metrix”,
Sce 2 The Reletionshir Betwemn Suxface Tension and the Rate of Deformation

2l agtrestes, 0, and ire she-> ferecezs, 7'y cruse the liquid micro=-macs
Lercxding te the comventions of elastic dynamics, the pulling and con-
tyacting forces elons the normal line of the surface are the "tensile stresces", o3
tte eccmpmerciom forees which act against the direction of the normal lines is the

" namewngaion force", that is tc say, the pressure, =p; therefore, @ = =p. Accord-
ing to ihe viscous shexr force formula (4,1), if one considers only the shear forces,
r 4 in the directimm, x, then,

r--xa-/a»-pﬁwsm)n - t0)

-. T Tl
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Eguation (5.10) explains how the .shea.r forces, ‘¥, and the “shear force defor-
mation rate" or "shear force change rate™, in a viscous flow, are in direct propor—-
tion to each other and that the coefficient of this ratio is the viscosity, ¥,
(kg/m- s).

When we investigate the projection of the cube~shaped liouid micro-mass on the
x=y plane(Fig 5.2 (b) and (c)), we discover that the shear forces,_t; which act on
four of the fzces pinch and pull the cuhe out into the shape of a rhombus, " The
original edge angle, T/2 , teduces the strein angle, (-"i’1 + i:?), that ic to say that,
ner geccnd, “he Vrzic 7 sherring giroin® s Oy /s 87./0s + By2/01,

Acroxiing ic ennatiem (£,10), she~x fornes

= = 7 = .8_TJ Q——ﬁ) - (2‘2 X .__.av) .
Tay 'f,! T it (a‘ + B2 B ay -+ Ox ’
(5.11)

By the same principle, if one -nkes a2 projectiior of the cube=chaped linuid miero-

mass and divides that projeétion so that it is projecrted separ-tely onte the rlanes

zy and xz, then, it is possidle to obtain

=1, —#(—g;‘-.-» —g—";—) (5.12)
(5.13) )
s‘ ’-'.’ 6‘
0, s
//
1 ; \ O, t"n-f
| Vd .
S
ep—— =
{ 1 é'
() AEND ®) mEnY
o _ Or.
r, / oy [

!
- OR LU 3
N @ms.2
FPig ,2

1. Sheoxr Strein Angle 2, Two Flane Shear 3, Four Fleme Shear
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44 the s~me *ime that the quadralateral in Fig 5.2 (b) is being deformed by shezr
f‘orces,"' s into the shape of a rhombus, there is rroduced along a diagonal line
2 tensile r~tress, 01 and along another diagonzl line another tensile stress, ,fz,
(Pic Se3(a))e Vithin the original sguare, if one comnects the mid-pcints of the
sides, the resulting lines mark cut contiguous souaves (subdividing lines). This
being the c=2Be, then, when the original square is changed into the shape of a
rromhus, these interior comtiguous sjuares are pushed and vulled into the shane cf
I7 onc talkes e sTligindd sruere and cuis 1% ir Rl

(Tiz 5.5 (%)), iren, according io the equilibzium of forces, it is nce ible to sez
de s

L=
trhat I 4he forece eveted on the slanted si

is cerizinly compTessiam SUIeSSy; g.e ASSUmE U e
grRrs = 2, and the denth rexamdictlzr to the surfrece of fhe illustrotion is etual
tc 1y, then , the force equilibrium eanations zre
. = y
Za‘rsmT— a/2 o, =0,
. v : L
because
. o= 1 :
sin—=——, Ham=7r ‘ (5.14)
4 2 '

Conceming the cutiing out of triangles slong anciher diarsil "1rc, T fle
seme ~winci-lesy, it is moscible to write the force equilibrum envesl- 2w’ —o -
that o, = = ~¢_ 3 due to this fact, O~y =2 T «(5.15)

Tlr T.7 [c) shoves the square, LITT, clhanged indc the 2 ortus, TP te

<40 -
the niene

aipr anle L ie chanred from x / 2 te (® /2 — 4 ); the diagenal lire AC is stretiched
H

to B'D'; moreover,
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A’ eplacement Aistance, T = £ B', I is nossible to look at IB' as being z tiny

arc lenth aromnd poin* A, Bzcause cf this Tact,

BB =EM' =48 L mppr,

LA
Vi vz 2
Recartne of *he oot that |
= _AC _ABA[2
A - H
2 2 '

therefore, the diagmel line AC has a "“tensile strain”

o8
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1., Surface Tems‘ons 0,T and Deformation c¢f ihe Liguid Micro-mass 2, Interior
Squares Changed to Rectamgles 3, O, and 1 in ITonilltriuam I, JTireitching and
Shoxtoning of 2 MMiarcrel

—

-v14 2
=L MM _ T (5.16)
AC AM 2

v the unc of the same princirles it is poessible tc prove that the diagonal ED
es a "commrzssive siTmi-" 6= —y/2, (5.17) & therefore, the difference bet-

ween the temsile ang compressive strains
¢ “-— ‘z-%’-—(— %)-w (5.18)

I one -kes the coerfinate avis in Tip 5,7 (a) and rotates it 45%ir a counter-

X clockwisc direction, this causes x and y to respectively converge with the two dia-
? . - . - . ’
v gonals of the criginal snuare (Fig ©.3 (v); when this happens, G, ™= O,, 020, .

Going accoriing to enuation (5.15), these ecuzlities mean that

. S (-] ) -
N Gy — g™ ‘ifi’gf‘ 2t =2 ’a_f' - 2p —51— (a 1)
_ ROE Hal e ‘ . ‘ (.19)

In all cases, strein on a micro=-mass is only present due to fluid motiamm




uA‘ . -L"‘
by

therefore,

o, . dv  C62 —y—; (5.19)

“hen *hese enunlities are sutstituted into eguation (5,19}, it follows thzt

2 Bu 6\')
Oy — Oy = F- —_ax _"ay H
Usine the same prj_v‘.cij‘les'
Ou aw) (
s — 0y =2ul-———]. 5.20)
9T “(ax 0z

¥

he avarare nermal stress on the surf~ce of a liguid micro-mass

a-—(a’,+a,+¢r,)=-—-p IN/m*], (5.:21)

If equations (5.,20) and (5,21) are added together, then,

Ou - Ov Ow
20, — 0, — 0y = [z—————_—]
R AR At ol Lo el M %
8 v
==(a'+6,+0")'-2ﬂ1'?‘;€+?.‘; . L
+ g"] +6u8 .
Maiins use of equetiorn (5.00) o o %

- ___2_ B By Ow] 32 B 522
Ts L4 K 4: Qy + ‘Qe d. _w.-"‘ *bx-’? " )

By the use of the s2me pnnc-rles, 1t is poss:ble tc obtzin the fo:lowing

2 [an - aw]
=—p—2 L LA PN 523
P 3“6:+ﬂ)‘ 2w 75”)

2 [au_*__@_v__'_gg]

or. By . 0=

Bw
+ 20 2= (5.24
"oy O

Sec 3 Yomentum Scuvations’

Comcemirg the six eruztions (5.11) to (5.17) and (5.22) to (5.24), one cen
take *he surface tenrion tensors in the ligui@ micro-mas: in Pig 5.1, that is te
say, the nine stresses in the symmetrical matrix, II, ¢ x**? ‘1. ess and connect
them up with the nine nartial flow speed derivatives, ~8 w/dx ... Ou/ay, which come

from the stres- rcte tensnr, ¥V , According to the laws of matrices, vhen the xows
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and colums cf a2 matrix are interchanged, then, the matrix is called a “transposed
- matrir." A transvosed matrix of a symmetrical matrix is equal to the original mat-
rix, For erxample, the strain rate matrices that follow
B By Bwy Bu 8y Bu
dr Ox Osx tg:angp_bs‘e-ﬂ Or 0y 02
Ou Ov Ow|matrix v v v ;
Gu dv Ow Ow Ow OBw
2z 08 0:) - or @8y 0z (525 |
|
T orsvearineg Tig 7,2 (A) 2nf ™~ 7 T (o)) one can sec that =72 _.’;'_’ !
2 {
!
|
that is tc say, |
Bu_bv O _bw OBw_ Ou
8 0’ 8z &8 O6r o’
} Thavefore, enuaticm (5,75) is fwe cymmetric-=) matrices, 'VY"_VV (£.2¢)
h ieoking back for 2 moment to Charier 4, Sec 4, equations (5.27) to (5.24) cor=
tnir the “divergence" of speed vectors, V,
= [aa _f"iq—% — (527
Wt e
Because of the symmetrical matrix of suxface tensions, II, it is possible to write
3 *he vector equation’
( . .-
| =TV 4 Vyg__-_—,—-—:-py-v (5.28)
Lo-eming ic eqmaticns 15,0) and (5.2€)
R=V . 0=pny: (WV + VV)=vp -
' — 2wV (529
) . B
¢ Tue tc the foet 4he- KV - (VV +VV) = pv - UV + o9 - V .

¥, 1le enuaiion atovey it, taerefore, follow: izt

R=—Vp+ 2 aW{@-V)+ a0V (530)
- ‘

e s
. E

- If we take enuatior (°,20) and substitute it into the momentum egquation from Chapter

L, 3er 5, ther onec can ottain
e %— pg + R = gz.’-’:’V#*--}ﬂ‘V'(V' AL

.

ERaa s JRE JECRRY LR
- %

1 + uVV  [N/m'] (5.31)
“
¢ 17 ome taies the equations (5.,11) to (5,13) and (5.22) to (5.24) and directly sub=
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stitutes the stresses from these equations into equatian (5.4), then, it is possible
to obtain the three momentum equations that follow:

gy, — 9 1[ Bu_2 (_5“_
i e M A
Bv Ow)] a [ v bu)]
+ -+ )| 4+ —lp =+ =
’ 8y Oz By F \ox Oy
L[ (_ ﬁ]
+-8: A +-Bz »
2 gy, =02 4 a[ o _2 (ﬁ
i £ey ) Oy Oy 3 # Ox
Al
T T 6= * s tf e oy Il | b (5.32)
6 Gv .....
az ' .
. g,-=pg.-&w{z omnt o fs
6v aw] o aé "ﬂu]
+ & 4™
+ 3:) A L Br . B¢ 1.
Ow , Bv Do .9
+_[ _+_.] e
By £ By az)
The equatiome ahove are a set of momentum eguations which pertain to a viscous, com-
"ield LLosw orthoTonal cooxr@inate system;y in fluvid dynamies, tiic ice

"

these equations have in ther 2 fzeteor

rrezzivie fiow field Lo
.
e 2led o s2t of n-dimensional ecuatimms, All

- 2/3 p = '3 thkis is called second=ry viscosity or "veolume viscosity,

"

The perfect F3ifTarentinl cf thie

e .86 ., 0 g )
& o1 +ua + v y“*-wa. (5.33)

Sec 4 TFotential Thergy Zguations for Flow Fields

™. ’ - . ~, - - . : -+ - - T -
Tl 007 2 Therter 'y in the contzel) Tody, Vo4 oo

If ome Zociis at

w—— a2

of liquid ecntins nter*ial energy Em= (U + —;— V. V) .

9
o]
]
cr
L

3
' 2.
i
—~+
i
Y
-

f e-ch wnit mass (the chemiczl emers contained inside it)s % V.V =

enercy of
the 1:mm1c emer for each it of mass, Besides these quantities, one c2n zlce

tale E tc e~url hou
thie quantity is alsc czlled "cmere,llzed dens:Lty"; when these symbols stoné for

the quantities mentionad, ths di-<nrersior amount of £, which is put out every seccnd

from the control surface, S,
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o
. [
-§ gV .mds (5.34)
The rete of increase per second of & within the control body, Ve
v, :
- % gy, (5.35)
e a‘ .. i‘. . . Lo )
p
In the nrevicus charier this method has already heen used to obtain the conti-
nuity equatione oni ~omertrr erurtions for 2 thres~limencimnal flov field, Lt
trezent, if we t-7¢ § = Tp s then, within the contrel body, Vs,
the energy transformetion rate = 4y s
§ ‘Mgv, + § P
O
N *m 6
X E(V-a)s | =——| (536)
L, Accordéing to the princinle of the conservatiom of anexsy, energy cannct jivst
. bz produced, neither enn it be destroyed for any rzason; it can cnly clhange forti.
Therefore, the wie of tr-rceformation of emergy within the control bedy, V_, enenld
Ye e~ual to the neal energy being added tc V_ ev-ry second through Ite surl-oc oive

{ Seec ? of the mrevinus chapter introiuced the idea that the euisience of & temp=
evoture gradient ~roduce- a heat flow, @ 5 (ke=l/m™> ), If we ascume that § =
the trerm2l enerr encity (kcal/ma), then, tV=q , If we subeiitute iniz iric
eguation (5,7°4) and plus it into the negative hezt calculation, then, the amount of

themmal energy th=1 is received through the ertewmal surf-ces evary secord =

~§'a-ess [F22], 6an

4 The trwmnsformation of nroiertial enerr ver second = Yo p;v‘"/, {M] (5.38)
[

Pig (5.4) (a) shows the cube-shaped liouid micro-mase dxdydr = st and the nex-

{ mal forces, ,x’ as well as the shear forces, r. xy which act upon it as rreojected on

? . ‘

b the x-y plane. Fig 5,2 (b) shous the shear force, T. w1t acting on the mas: and causing
2 disrlarement deformation ~-te (Bu/8y) dy, in the directio- of the shear;

this Fig alro shows 2 nomal force, "x, vhich gives rise to a lire=r Jefowmation rate
c® {8u/82)dx[m/s} e If ve take one ruvbic meter as the haszic unit,
then, the total power, VW, which is eve~ted every second aszinst the liouid micro=-
mass, st, by extemal forees is equal tc the total power of the tencsile forces Dex
sorcnd:

103
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Cod

T heeee T¥Y vevecse.. @nd subsiituis ther inin eouation (5,32), then, it is pos-itle

). . y :0—7"'
oy i T - :
o B
. ‘1 IR . L4 /’
s Ll =—c #ri 1 "%‘b
dr ] __.»..':'_. P
P TR T JEoee
. - .
- L S
OF /- I 5 n_!mm!m |
n S.4 T . '_ i

Tuxfoce Tensitns 2, fncular Defermizticon and Lineazr Deformation

Bu ov! Ow 3\1’! ~6v
W == e
. O ax + UJ + 0" + rcy(a +

+r..(6"+az +ix ,.(5“’ {:
st e - 2X5.39)

I7 we t12ke the strecses from ecusiion (;’;.11) to ( «13) and (5.,22) to (5.24),

x
. called
t2 obtzin "dlgg.patior
W==v-(V)+®, OFunction" (5.40)
¢ = 2 l(au Ov +9_ﬂ>]_:_ (v - V)
i d\) (‘ay> (~az AS"‘ )

At-R D R Ca )

+n ( 8‘ [’—\—-—], (5.41)

m-s

The itz rover everte? by sur” ce tentiont against the control body, V. =
v, -~ - . i o -
§' wdv, (5.42) Tow, accoriing to ecurii-n (5.€3), cne can write oui the emersy

?
envilihriur etvation fex the covircl vody, VS:

gS"‘ 8("’5) 9CeE) 4y, +§ (oE)V - ndS

——é q-ndS+§’ngdV.+ §'WJV,
' (5.43)
Orvc oucht now to use Gauss's Theorem to transform the double integr2l along the sur=
face, S, into the trirle integral of the control body, V g’
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§' (E)V - nds = 95" V- (PEIVaV;,  (5.44)
| §i"' "‘S" §” V- qdV,, q=—iVT; (5.45)

After ecuations (5,42) and (5.45) ave substituted into equation (5.43), then, the

integrated functions on the twe sides of the equal signs should be equal

BCoE) 4 . (EIV =¥+ (AVT) + pg - V

0r
N'm
—-V-(pV)+ 0 [-——- . (5.46)
mt s
Bacange of the fact that
8E ap
E) = + E
(p D=p — 5 B

v-(pE)V=pV-vs+EV-vp+pEv-V

By vtilicing E=E(,x,v,2) and p=p(t,2,y,2) in tre

forr ¢f their nerfer~t Zifferentizls, the right side cof the equrl sign ir e-uztim

(5.,46) can be writien 2s
(gE+V VE)+£(—£-+V Vel + pEV -V

dE dp dE
= E =L EV - V=
e TEG T >
+E (‘i& + v -V ) (5.47)

Lowever, in the final anzlyeis, eruatimn(5.47) is nothing but the continuit; =-uz=

tion fror Chanter 4, Sec 2

(%P— + 9V - V)-o (5.48)
Tharafcme, ihe rivhi side of eruziiom (5,°€)
8(pE) ' dE
o L4=drAp B . -
Y V-(E)V =p R (5.49)
Prom the “efinition enthalpy
imU+ 2, G 64U 14dp_ #do
P é: de P d. P &
dU_di _1dp ¢4 ?
v M at— — +———-& — .
& & P M Ja +. pi(’v AL
P ' .
;(PV )] (Area in curve = no increase or decrease




Still employing the continuity equatiom (5.48), it is possible to know that
i(_‘.ﬁ - “~ -’, .
e h__+ P4 V) 0;

Therefore, it is posrible to obtain

Because

(5.51)

I¢ e sihetitutes ecu-zion (7,50) into enuztion (2.51) and then subsiituinz the

o amnedl e fmia emuntlior (D,%6), mevins cemef™ attention te the melaticncshin,
V- (V) =pv - V+V.vp , then,
i _dp . 4 (1 . )
_— +p—\(—V.V
Pa & " Pa\2
- QVT) + gV —VVp + 0 (5.52)

Le far as the relationship, V-« V = Giu+v+ kw) - Gu+ jv + kw) = v’ + ¢ + w,

is ecanemed, by using an orthasomal coordinate system to analyse eguation (z.22),
i4 is roczible to obtzin the enersy equation for a three dimemnsionzl, viscous, com=
~wecsible flow field:

‘di _dp P d a2
& _ 24 Ll w
P T a Ty

[ 63 B

+ p (ug, + vg, + wg.) — (u or
ox

+vo 00,0 (5.53)
Oy Bz

@ :in <he e~tiionm abrs ie 4he flscimation constart lenua*im (£.%1)), <het ie

tc g2y, it is the power dissi ated by frietiom in each square meter of li~uid,

(Feal..

Sec & Crordinate Transformztion {Comve~ted from Ammunt of Alteration)

"My do ve use vectors and tensors? There are three reasoms:

(1) Concisenecs of Form, Complex functions, equations, 2nd sc ony need only
106
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one equation or formula in vhich they can all be swmarized.’

(2) Base of calculation, It is possible with vectors and tensors to employ
vector algebra, vector differentiation and matrix calculations.

(3) Coordinate flexibility. Vectors and tensors can, according to require-
ments, be transposed into: orthagonal cocxrdinates, cylindrical cooxdinates, spher~
ical cooriinates or other curvilinear coordinate systems in order to deal approp~
rietely with actual structures and flow fields, The large majority of combustion
chamher strucotures are arrropriate for erlindrical coordinzte systems cr axirym-

-
\

1o fields, Tris section iriroduces the method for taking orthegonal coor-

rmoteie T

dinater ¥, ¥y z Mmd trensforming them into cylindrical coordinates xy f) 2.

() v, @ plane
E5.5 -, 0, s BERKE 1, 0 ANELEE
Fig 5.5
‘e Ty B, z Cylindxrinrl Coordinate System and a Crose Section Prcjection in the Plane

Ty B

Pig (5.5) (a) shows a fen-shapsd control body av, = drrdbdx generated
at an isclated interval in a crlindrical coodinate system x, *é', z in 2 three- dimen=-

simal flovw field, This can alsc rer—esent the control bedy for a ring shaned com~
: 107
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bustion' chamber or an analogous fan-shaned section from a test flow fielde Imagine
that there are flov lines passing through Fig (5.5) (a) at the points M, and M,
vhere the edge angle meets the slope of the fan-shaped control body, dvs. Because
of the fact that the coordinate positions of I’I1 and M, are not the same, the mag-

nitude Aand directions of the speed vectors V2 and V1 are also not the same., There~

fore, even if one is dezaling with a stable flow field so that %;Y--O s the
loc21 velocities 2* verisus rcints do not change; when the liouid micro-mass, in

H
ar intem=l of tine, A%, flous from M, te M., it if 2lso mossidble teo have "ghift
accelertiom" ('V.9)'V,
If one defires tne 'mit vectors for the radius, r, the circumferer.iey, 8, and
the axis z a5 e_, gt Eyt then, according to Charter 4, Sec 3, we get
cos0° =1, € e, =cgrcpm=e, e, =] 1
‘dot product ot parailél vectors
eos90°—0, e, ccom=ege,=¢, ¢, =0
dot product of perpendicular vectors

)
W
W
S

Ay

sin 0° = 0, e, Xe,=¢eg Xeg=¢e,Xe, =0

cross product of paraliel vectors
En90° =1, e Xeg—=ecogXe,=e,Xe, =1
cross product of perpendicular vectors

Mnarefcre, the a- »F v-etorc in a eylindriccl cocriinate cystem

Ve eV, + egVo + ¢,V (5.53)

3
I

ac-elertior vericr

awme.g, 4 codg + oa, = %—Y— + (V-9)V (556)

Because the hnriccrnatal cross section, Ty é, is perpendicular to the z axis, char-
ges in Vi, ani V, 4o not influenceV , Therefore, it Ir porsiltle tc t-le e I nethaped,
sir=-cided body and prniect it onto the crosc sectionm =, 64 for prurposes ¢ s-alising
the "shift accelemtim"™ (V-¥)V from pcint M,' tc point M; (Fic 545 (b)), ﬂ

Take the radial speesd distridution of point Mz', V'r s &nd move it smoothly to
point Mﬁ then, male a qomparison of the magnitude and direction of this vector anc
Vr' 7t can be secn ihet the transition from ":_ tc V'r can be 3ivided intc two steps :

Pirsty there is a change in direction d@: vith no accompanying change in mag-
nitude; the»e is an incre~se in veloeity AV:’n;i/,Ja .

Iater, the magnituie of the vector involved does change, and the direction
does not change; there is also an inerense in speed, A V'r, in this sten,
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Using the same idea, tzke the cimcumferential flow speed distribution, V,, for
the point M, and move it evenly to point M’zg at this point, compare it with V',
in magnitude and direction, If one does this it can be seen that the process of
change from V,, to V', can 2lso be divided into two steps:

Pirst, the dirvection of df' changes without a corresponding change in magnitude;
in *his ster there is alss an increase in velocity —AVexVdf o

Irtexw, there is a change in mamitude vith no corresponding change in directimg
Sv o mhis etorm, 4any there s ap inerease in velocity, A V'Y,
STme Lo Uty )y ome e osee that the directions cfib V" and A V') are the same;
Lo ZGTT G i Airectior of the shear line; however, the radial diré;tions, ry of
By \",, =n? A V'¢ are ornosite to each cther, ‘hen M‘2 tends towaxd the point 1-11. and

A“-* 0y *nem, it ic mosritle to solve for the extreme limit and obtain the ragial
(iverzlor o arceleriilon fer peint !'I,‘
.- .g,lgv_:;a_ri] v, _ o, 46
& Ar Az

LS

av, _ Vi
e Te, _ (5.57)

e ove mRlvee fem o=l g getwame 13m3iT anA abteine the oivmumfemential direction of

Av, + AV, dé

apg = hm[ =V, —
ar-sl Ay As : d:
Ve V.Vo | Ve
-+ i +¢u -y | gs.ss)

Vrew ore ~clver for the evitveme 1imit and odbteins the zyial direction of accelersiicr

JV:;”"'_'_',' ] .

85 ™ d‘ * ».,«;.....a. - '(5-59)
Lhe T ovee cgunament veotors of valocity sre all functions of coordinate and timeg
If ome ~e - moctivelr solves for the perfect dlf"erentz.a.ls, thet is to say,

oY, -+ {14

V, = Vv, 8,5, O, .‘4‘1-.&

T ";’a

(5.615
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o
v o
V,=V,(r,0,s, £, id";""‘—"'"aa‘: :"'Vt_—-"aa‘: (5'62)
vy, ey 9,
r00 Oz
15 ome takes eauations (5.60) to (5.62) and substitutes them respectively into
pruntims (5.57) to (5430)y thems it ie poscible to obtain the thres girections of
apecalewrticont
Znaial Direction
= ‘Z' +V, aa':' +v, Y
o z r08 (5.63)
+p, O Vs (m/&)
Oz r
0 yoymfarential Ni=naction
* - av v aV, +V vV,
de -——£‘ + V. o 0 Y]
+v, ey YV 1m/) (5.64)
Axial Direction 0z ’
{ _8v, av ov 14
) [y = + V'._-'- V —_—11 P N
¥ - Br + Ve r08 + 7. Bz (m/¢] (565

(7.¢7) is centripetal acorleretiony the last cuaniity
o of the fact that there is rotary moti

and +his mvotuces vhat ig e-1lef Ke

e lagt cuantity In gquation
(=,72), VVelr, is there hacavs

X - 42
nw ermatim (S04

2181 motier moing o0 at t*e same time,

a8 %.,f(v.v)v' is only cnec foxmula,

¥ . The vector A°Terartial cormtational symbol

B . ) .8 4,3 0 [:]
: Tomi——tfj——tR "=
1 V=i Ty ko =%
" e -+ — Firws

- AT ‘s’

one uses a "wmit vector", then, it Joes

(z.,64) e-pla‘ns the fact that , if
Tie elways

erence what cooriinate svetem one is dealing with,

Truziion

not meke any diff

anrropriate Yo use.
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The computztional symhol for 2 perfeet fifferential

d 8 8
— e e . BT ——
de o V™ Or

5 B 5
vV, — . —
(.2 N T ~) e

local acceleration )
oV -8 v
= eV, + eV + - —
o o coVet eV "Ja:

8V, oV
+ ey Y + e, —-‘-a’ (5.68)

oS AT maee = s
T 0 C3LE ERR O

V-oyW={r,2 +yp, O A
¢ v ( Or 0r50+V.. az)

eV, + eoVo +¢,V,) (5.69)

hecoriing ie the aralieis In Tic i7 (%), e_ and eg vary with chanfez in r r’
.

6. Thavefore, vhen ewvztior (5,70) is eranded, e neods *n see e V_, Ve 2S5

the product of two fumeticons in

O

rier o sclve for the poxlent 2177

e

being exvanded and set in order in this w2y, it can be adel in emunt
in this way one cwm obtzin, from ecuztions (5,43} tc (F. 7), ihree ilerileal Torwus

for comronent vectors of aecele~il:zn,

If one is derling with a stadbley axially symmet-iccl S0 7200 & ol
&Y . . X
a—_-—q ¢ then, in all caser vhere r and z on the meridiar nl=2ne nva the care, -
rae flow marameters for the correr~nmmdine roints are alse the same, thet 1s 472 o3

that fMleov gpead, V', nresmivey py dernesriune, Ty and stoony ALlsC 2LD ey vath oo

in 6 anf ave mavely fimetiame of ¥ an@ %, 511 mArtis) Aifferentizic of 8

I
rb8
If one simrlifies the three formulae for acceleration in this stable, axially sym=-

:
matricn

21 v Sield, thev bhensrme

0,

2 2]
a’gv’av, + T, ev, _T&

ot T (570)

Circunferemtial vartoxr

o=V, orv, +V, v, + V.V, (5.71)
or Oz r

Axial vertor

o=v, Y 4 p Y, (5.72)
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If one *skes the important equations which were presented in the previous chap-
N ter and in this one in terms of an orthagonal coordinate system and transforms them

into a cylindrical coordinate system, them,

(1) Gradient
Ve =e, - P 0 4 . r—a%+ € gf ¢ = a function of some value
(5.73)
() Divermance
v.V= 100GV 18v, oy,
. r ©Or r 08 Oz
14 1 8V ov
9, y Ve 19Ve , IV (594
(2) Vasmtind dae a' T r w a ( )
S L)
av, av] [__ arv.»_gr_;] :
+¢.[ e €, p (—-———ar 20 ) (5.75)
(i) Continuity Zquations of Compressible Flow
8 1 g.(V) = 2 4L 2ELD
4
+ = 1 _8_(2-]_,2—- FRp-ALLE S a(bV ) - () (5.76)
r 09 0z
or ini~ can be writtven
(- oo , BV 4 LoV 4 vy |, 8V g
Br ar r rof 0z
(5.76a)

' (%) Tmplovins the accelerations from equations (5.63) to (5465), one can trans—
fer the three momentum equations of viscous flow (5,3%) into a cylindrical coordinate

' srsitem, and’ one gets

Radiz) veertor
( o ° '=pg'_—£+6r[ ( f’-;r iV v)]
el G-
X TACRT T e
N %Qa_‘;; _') (N/m'), s

Circumferential vector
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Pay = pgo — —6-8% + %[ : (3-'88—:1— -‘2;7-; V)]

» 2 {n(1 e ”')]'
+ 3G S 2855
+ P Yo\ pvm), ;<5.-"=>
Pﬂﬂb'%&*é’:[ﬂ(.%”,,%V'Yf]".
(G + )

1
r
+ 2 u(2 8 ) o),

Sada o

(<) In considering the dissipation function ¢ involved ir a tra.nsfer to

5. if ane consults equstions (5,40) and (5¢21):

B )

or .
r06 6: a., or

(
ar, or e\ [N-m .
(e T o
# r00 8r r m-sl’ (5.80)

: T *2 EX
~--lindrienl ecorints

PP . —~ et Fal] - £ _RZ 3
! N T e o - Fie gresg enilo of vingous flow (,.5; and

tr erlinirieal cocriinstes, then,

4 _dp _ ° d
P a7

19
=

-2 (350 w63

C o (Vg Vg + Viags) — ("'Ef'

-

Vi+Ve+V

5 0 N-'m
Vel v, ) e, [Eo=|
; .‘ -t + Ve rO0 ' Bz ¢ mt-s (s81)
N (¢) The commuintional symbel for the second degree derived function of a vec-
A tor A=v? (s1so ca)led laTlace's

with the remlt that

n,_,,,“_,_
| 2
i
4
|
|
+
|
|
+
|
|
+
|
>
]
~/

'f Tf ueed in a positional function (numerical field) ¢‘-=¢(r; s&8) 4 then

.& . TR Rt - 'v,q “ .‘;_2 w
M-:V"i"-g*f::;,— = 59 +a‘, (5.83)
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B
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If used ir a vector field, for example V e=W(r, 8, 2) = eV, + Vo4 €V

then, .

BV = UV = e 0V, 42,9, + 6,97, - (581)
B the utilization of coordinate transformations and changes in dependent var-
iables ac well ac hr the use of non-dimensional (dimensionless) variables and other
mothate of *his tyvpe, it is occasicnally possible to take complex flow fields ancd the

oo mrvreewmies charoes I ther rnd cimmlify these rules and evpress them in 2 cancise

- e UeoTs Gnle cimgtifandiom, 24 22 henrmes c-ciex to o mathemoiicsl AT -
Toonrrn momnevvie s thene Tley Tipdag, Threm thauth the foxme ¢f the ecuations i-

sush ~ocors arve chenge? from hend do d2il, these enuations still follow such natur 1

Tirnelzlec iz the comgevratior of mages, the ronserveiion of mementum 2nd the cone

-

frd

manmen bl e AP A
] It 2T oomer
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Chapter € Srirals and Eddy Current Lrmeratus

Sec 1 Spiral Phenomena

Swimmers and boatmen all know enough to s*ay awz; from whirlpools; they know
that the violent spinning flow at the center of a vhirlpool is capable of trammeling
up & man or a boat and pulling it under, Con51der the whirlwind that scours the sur=

face of the land and =be ur dust and leaves and tzkes them up intc iis center, (n

B4

the ger; *he veie~ ~pout of 2 trxheoom i 2 sinilar ~renoneron, “lheve nre eovamrTan
212 over <ve —rrlia -':‘“‘ “irleanls Zeces £ fwgr dhe murTice of Ao dery fovmat
into a vortex of polluield votevs, “he clcser cne goat to the centrr of <the vorter,
the f2cter does the waiter Tlov wovelve, TFinally, 2t the very mouth of +he vertex,
where the wzler devzends, -lere 2+ only 2 hollev canter and nc witer a2t 21, 7m@ T is

center makes noise= = “% mueke ir 2ir as vamier flows inte it.

Cyclonic fumaces and ceririfu~=al dust eliminaitors all have withnin ther veriienl

ir flows, Centrifuz-l jet nozzles al? surnly fuel in the dizection ¢ ihe ncle, ani
in tre combustion chamber, this fuel sets ur in 2 vortex and is sprarved mut in the
Fem c” a2 hollmv rome of spray, Turhine jet 6, turbine jet 7, the erhaurt of eddy

£eee o 2L,

Aurmand datedans S “wemy the intnke rmases vhich mass over the vones i- the com-

mretion chemter of 2 turbine jet 11 =mall of these have cimilar vortic-1 flow fields,

This yme cf vortex is denencent on changes in the potentizl eners; iz ir <hec fuif

(7iffemcmces in ci-tis =res~ure or Aiffewentialg cf water level) fer its oraxstiors
because of this it Ir ~=7 &F 5 " = *evdial “low voritex,” The meitaticn c¢” motertind
flow vortices, noresovir, is rnot s=2uzed by tercue a-plied from cuteide If one ipnore-

i

losses 2ue t2 friection, then, for AiTferent radii, the moments cf momer.ta cf rnicro-
masszes of licuid should be corserve therefore, this situation is clsc called =z"free
vortex or sniral," The special characteristic of "free vortices" is that "although
flov lines are concentric »ings, the individual nicro-masses of liouid 4c net in
thnemselves have any reriimel movemert 1o thner," It is possible, vithir ks
trourh of water involved in ths mroduction of 2 "motential or nositions) flov field
vortex"; to rlece a srzll wooden storner far from the center of the vertex and to

éraw a diameter line 2cross the stopper., The floating of the scft wocden stormer

alorg the cirrmilerence wopresents the movement cf mi~roe-masses c¢f liguid; however,

thie livection cof ithe 7lareter line 20cz not change, thet is teo say, the ~cfd worder

stopper possesses <the ramerl rot-tim sraumd the center of the vortex, but it does

not have 2 ~ot~tion ¢© it own arownd its ovm central axis; this is c2lled "avortic~1"

cirenmferential motion,




T et .

. Q‘W Avan -”‘:mﬂ":“v-
“’P Rl ok, * "

2%

sl

Sec 2 Free Spivnls (Positional Spirals)

If one Araws two concentric circles to represent two flow lines of a "free vor-
tex", *hen, let their separation inte—val = dr, Choose a micro-mass of licuid ABCD
in the mi?ist of the flow around the circumference of the voriex and located between
the twe flov lines we mentioned earlier (Fig 6,1 (a)). On the radius, r, the shear

line volozi*y = Ve on the wwdius, (r+ dr), the chear line velocity is

W

22

r

I’.+dl',=l’a+ dr,

fews o a Ynmreion, o= Y, permerniloular de the surface of the fizure; if one dcer

thig, then, *the volume ¢ the ricro-mass of licuid = rdfdr 5 the mass m = prdGdr
miotie momant o7 twmertn = mVer.  Ixtzmally added tormue, I, It enual w0 Vo Tide
e” oranpe over tire ¢f e mopeni ¢f romentum ¢f the ricro-mass ¢f licuid or zerc.
Prec vorticer most cericirly have ne entemmsllr adied tormue, T; therefors, i e
ignores losses frorm frietion, then,

T"ﬂl-;—t("o')=0, Or Py = a constant K (6.1)
The circunferertial valocity of a2 frec wo—ier [2ie chear Yine c*rr trneer 232 veleo
Ve forms an inverse rproportion with the »agineg, », thet 7~ 7~ a7y 1o~ ver
romas to the cernter 57 the vortex, the faster does the rixrrfcvn =707 e ent e o
In the centexr of the vortexw, at a place where r = 0, Ve should *end tevar? Irfini

T A T, Themelorae, enunticr

-
3

FIERY a 4 AN sl g - U A

T8 TQef MY ecrresntv ™" ., hichahasabolabubabilalr

1ae smArr roniitione dn vhich o= 0 (3ee Sec £ of this charter),

| B
“(a) &i!)iﬂ ®) EEREAMELE

Pig 6ol

1, Iomitiomal Mow Vortev %, Rete of tnrular Deformation of Microemass of Idnrid
Accoriing to the defirition cf a2 flow line (Chap 4, Ser &), there is no flow
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[ ey

|~ movement i» a direction rerpendicular to that of a flow line, that is to say that
V_ =0, If one is using & cylindricnl cooriinate system in ry 6, 2z, then, the » axis

is perpendicular to the surface of the fiqure, and it is possidble, according tc the
method in Chapter 4, Sec 6, to So0lve for the circulation, 4Ty of the differentiated

volume ARCD, Because Vr = 0,
ar = (Vc + —861"4'>(' & dr)db — Vordl
r

= Vord0 + Vodrdf + %‘r’l rdrd +

56"“ + drdrdf — Vordf = (K'- + %"J—) rdrde,

r r :
ignori L12%
ignoring the 3rd degree amount o drerO) €6.2)
Trom ervation (,1)
‘/ ' 4 d
*—'?‘“5', Ve —5-; ; il one substitutes this into ecuation
r r? or r?

{7eC)y then, it is possidle to obtain the cireulation for ABCD

-

(Vo , 9V
o ar ('+6 )rdrd@

Or

~(B=E)rirarmo -

r 7
' T ovgrticlty arcord dhe o oavics, Jw = the circvlation on cach unit of are:
* &r
———n S
+d0dr 0, therefore a, =g, (6.3)

Therefore, in the flrv fiels of a free vertex, it is only necessary that the field
( not contain a e tor value of zero, and then, the circualtion of the circumferential
bromda~ Tire Tor anp mivoen Aifferantinios® aren, 4= 0, or the angular velocity of

antoret - tior @, = 0, that ic 4+~ ger that the microemasc of linuid ABCD has an avert-

g,‘ ienl civeumfevential motion te it. Hovever, if one looks at the sitnatiom of a Slow i
b field vhich includes a vortical center value of 0, then, the radius is T and the ecir- |
'. culation on the circunference (also called vorticzl stvength) is 3
}. . o {
:" : I= L V.rdB-KL d0 = 2xK = constant de9 {m’/s) 6.4) !
? Douation (6.4) explains the fnct that in flow fields which include vowtical centers

;: with values other that zero, for any radius, ry the circulation on the circumference

k: o> "vortinal strength", T, will ~lways be equrl, Therefore, the flow fields of

IS 17

Lot
- - a4 2
—




free vortices are also czlled “equal. circu. tion" or "equal vortical strensth" {lov
fielés,
looking at Fig €.1 (): the angular velocity around point A on side AB or the

micro-mass of liguid is

“ha armilar vel-eitr arend point A oon side AD of the micro-mas- of liruid is

The av-m2te arruler velocity arownd point £ is

@, = % (U’ - WJ) - _l—[.__aryo — aV']

2rl Br 09 (6.5)

vhicr eruzle dre gve=re ris of ar—vlar e’cri=ztion.

I ove mermemhers the formmla cux) V=v x V which was found in Cha- texr 5, Sec 5 and
desc~ibez the veriicity cf a three=iimenciomal flovw field in a2 cylindrical cooxdinate
sreten, Ve=cV,+ eVo+ egVas aynands into 2=V x V.

€y ce €s

F) a_ 0 |_ _,L{av, _ arv,]
or . rd8 Oz ri 08 0z
v, Ve v,

oz or. Lo 96 P A

O @ = c 80, + collp 4 e, therefore

+ ,9[ 2t Ak ' (6.6)

In a trgedimarz’mal ne-tilonal fiov vezies, Vo2nd Ve de st vy vith ~rramoes in
- A
T--lvatives o © oare etual %c zero, DSecides ihis, V. = O

z; thereleore, all Toriizl

thewafors, 00, v’ .8e 2re hotll azual tc zero, I one is denling with an aveorticenl

notential fiew 2 = 0, ihen, it is necesrary that 26, = O, Equations (€,5) and (€.¢)

armlinir the et thot vhat are 2011ed "Iree veriices' should conform to the conditien
T ot svernst aralnr v olocity JJ fo Lo iha misro-rmass of licuid ABCD es well fs

itr vortieitr = 0, Y0t g ta may that
. ¢4 V ”,.
20,=0, t.a_ﬂ_’}_ﬁl_ ._a_._f-] - 0,.‘:ig,‘6.1 (.) of V,=0,
. Or 86 _
therefore 9.%—"-9-1 -0, Or(,Vy) =K 6.7
r
The method of annlysi- of enuvation (%,7) is Aiffevent; however,,its significance is

the s2me 25 that of enuation (6,1).
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See 3 Free Syirals and Increzses in Intensity

Pir 6,2 shows a balanced stable flow state of a micro-rmss of linuid, ABCD,

- -

between twc flow lines, BC and AD, in a two=—dimensional free vortexr flow field,

Tror enuati-ns (7,3) an? (£,2), it is possible to obtain the vorticity

w——

-t (Kc + Q_KL) 6.8
20, rdOdr r Or (6.8)

B6.2 NERDEATR |
Pig 6,2

1 Radjal Fqauilibrium of Micro-mmss of Idguid 2, Flow line

L
The fonachizred arer of the micro-mass of liouid = mipg dr; the mAss, mo= Y E S
~
Tre Anmdmingdo T welanidee o V‘e /r, and, imoring frictirm ardé grevity, the only ctle:

1= murfree pressure, e czn write out the equilibriwm ecvation cf

forns fxvelve?

ce 2lmg a voalnl "ireection

op 6 — prdd

p+ 3 dr {(r +dr)d ?
. V)
-2 (pdr izq-) - prdbdr —'—'-,

After doing some maninulations, and, immoring the thixd degree tr-ce quantity

(—6—2- drdrde)

or

then, ve got the »elaiionshir

the-efcore, if we substitute the ecquation




wd
' Yoo L O :
r  pVe Or into ecnation (£,8), then, we con obtzin
14
20, = —1-02 4 (6.10)
pVe Or = O
. ._:. Vi
The total enthalpy aleng the flow line, * ='* 3 s has a dif-
. - Q’;‘_ == _a_l_ -+ I.’ a_V.Q-
4 ferential of »=iue, Ty or Or ® 5’ N
esidnt dhig, fro- U EfTeramiiziaes fern of “he Tirat lav of Ther-oTmanies, (s =
the di“Termtiated ‘norsment of heat content
Td;-dj—_l-dp’or_a‘_ TQ.
. P ar Or
’
-4+ _1_ 2& = — Vﬁ .a’_’.’
P af ar ar
. Due tec this fact,
g i I Os av
~fh e p = — pT — — pVy—L 6.11 -
Or Or or or’ (611
Tf one t-kes enua*icn (£,11) and sudstitutes it into equation (€,10), then, after
» cer<iin manivuwlations, it is possible tc obtain the vorticity ‘
1 [3:* s
2w, = —| S~ —T==) (Croccc theory (¢.12
Ve \or or. (6.12)
t
Trom ecuatior {7,%7) i1 -~ r b seen tha® it is recessary for tre toi-l enthelyy i
and heat cantert, s, acror~ Aiffe-emt flow lines tc b= egual, 3nd fur the total enthalplc
grodient (8i*/0r) ani ‘he heot content gradient (8s/0r) to be equal to zero, that
is to say, an "inmuletir® energy unithermal"” flow field, before one ran consider this
( tc broarn av.viienl -t iinl flow Sree ertew ir vich @, = D, Tric Lo the egrivile
ant £f arn idezl condiilon ir wvich ihere 2re nc lecres due %o viscove Tricticn, nce
S heat increment and no he~t itroamcfer or differential of tctal entrel2r,  Thvicusly,
; ) if there is hezt i~-nsfer nresent or combustiom or if there is viscous frieti~n in
1.
: the bo'mdary leyrers, then, this does not s=tisf: the conditions for a free veriex,
; -.ownva", free vertices can act as 2 stzn<~»d 2g2i -t which it is noscible tc mrz2sure
L
-8 actval veortices, Free vortices and other flow fields, when added together, can sim-
’
] viate the situation whieh exigte during air flov tests of conmbustion chambers without
. .
) igrniti-n.
1 3
i
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Seec 4 Cireunference Spirels

At the center of all vorticers or vhirlwinds, there is a voriex core with a rad-
us = R1; the rot-tion of 1licuié within this vortex core around the center O depends
on the mot-ticr of the liguid in individual rases, that is tc sayy Ve= sw, , This
vortical core ‘s zlsc called "forced spiral”. The extemal surroundings of a "foxrced
snrial' is £ Trec veortex or snirel., Conceming the cirecumferential flow speed of a
free e-ival, p,=K , it is possidle to say that *his speed is one which is irduced
e

T - P S -~ e ] LTS 4 = b -
™ ~ LT i~ L eircunferrtial edre of the vertinazl cors, %1, o T -

gertizl Sl emen?y ¥V ¢ wenches maimem v-lues, that is to say,

p .
ol

v N"‘):

L.z whe center of <he wortex . ou

T
¥y, is as shown §n Fic (¢

o
~s

tte striic presture ‘{istritution, n =

, -

VR

(=) 3 \ i Tim (7,7 LY e
£(r) ie 25 shmam in Pin fez) {eds e

Seotie terpammdvre Fsdmimuties Uoa £fl2)
iz rs shaum in Tiz (7.2 (0), e freo-g
' two=iimensionel axvisrmmetzical vortleal
flov fields are concemed, ome nead o1

be econcemed with ~henges in terpeetic

velocity, Vé. alons r3  therefove, it is

< - | Al not nece~sary tr use mviizl Tiffare-io
.3 BRERS Ve, iation, ard equaticr (F,0) c~n be vmit-es

PRTH %
ir. the form of the omiinary difTevertizl

¢ )
eruation
Pir €,2

Te Distribvtime of T anAd U e

y.

S ,’”.A,‘. .
. A

m .

’ = Plong r for 2 Cireumferentizl dr

8 Vortex

; d If one assumes ¢y 2 R,, then, from the

: - . -

R stztic nressure in the sur-oundings of a
13 3 " the ¢ :
free vortex or spirz]l = g , and the static




temmerature in the same situation = To; if one substitutes these quantities into the
interral enuation (5,13) for a certain vedius ,3» Ry to Ry, then, it is poscible %o

obtain

p-p.—r' p—idr ’ (6.14)

4 4

TS one irmomes commwestibility, malies p = a comstmt, and employs the formula for

e~pzl rivemlation (roviics” stmen~th (7.f) = 2xrVy. , then

2
r r X 4 Jr r? 8!’17 2
“.!“97“3..’33":" P == p; — P}:z'zL (6.15)

The contis roag-~ure on the boundz~r 2f the vortical core, R1, is

—py— L mp —p¥n
P po Sx‘zRf Po [4 2 (6-16)

“ithin 4Fe vorticr? azve, henannc
T = 2xK = 2xR\V,. = 2zRj0,
r
Vo= rw=—3
2xR}

iMomalove,

R, Vzo T? IR, r2<Rz —_— f:}
-—{f:=—.p___ d gp ]
"j r Ri) T TgeRt ?

e nioile vrepeare vitin thie worticsl ecre
% Vi . pl* (2R — rD)
ALl ’S, T Ty €ID

£t 2 v7nee in the henrt of the vorter, where r = 0y the st2tic rressure is

Pe™ po— 4—5%;’, or po— pe=2(ps— p)  (6.18)
1

Trvatien (€,17) erplains the foct that, within the core of the vortex, if one

t~kes p to be the verticrl coomdinate and r to be the horizontal coordinate, then,

ths di~t»imtion of the Aifferertial of stetic pressure (po- p) is the solid swept

out bty the par=tolic line wvhich passes through the center of the vortex and is axially
sretrienl with relatia to the ¢ a.\:is.. This "low ~ressure trough" is the cause for
the eve of a vhirlvind »nd the collection of Adust and the sucking noise caused by air

being dravm down inte a whirlrool, all of which nhenomena we have rmentioned before,
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™e eddy current devices vhich are instrlled ir the forward section of flame tubes
talled there in oxder %o rroduce nrecisely this kind of "low prescure trough”

are insto
in omd~r to svck in the surrounding geses andé the gases dovm strcar and make them

flow upstream in ordexr to set ur a stzable ignition source,

Sec & Circvlar Zdlies at the Mouth of -Tddy Current Arraratus (Dry *am Vith-

out Comtmstiom)’

Vi entwer . feviaan Teve ver Te T Tlzw vmes on ther vilch Tewmec i Irinie
+ihan, The

~~ra- fo beeame ¢ vivoethe voriexl det which thoots inte the flame *ibes,

L
tangertial flovw sre~dc of ibese vortical jets, vhen rotating at

riene of a horirontal cro-s section, foxm circular vorticies similar tc trcse nen-

+immat ir g mwavisne clamder e Mlgw mrecayre freush" of thece vorticer

irfusse the eurraimAl ~ mases to "low unsiream (2 mert of the amial flov of wertieal
. A . . . 3 * . . . 3
dete smd fome vortipss an sty in i~ T2 (?.). I+ ig morsiile i~ Im27ine th-se

@ verdtires ac hei-~ & closed stvicr of vortiees vhich forr round rinss frer a

etrin~ ¢f e voric 1 cover fror a 1livi les~ numher of circular vortice-s, If ve

19

~csiulate that we alvready kmow that the radius of the =--*irn-- = = . *¥om, the riz-
ulation of the circular vortex =T, If we also postulete tnat -~ 2in o7 ™0 ety

=%

xy of the vorticec mects the Airection of the surrounding incoming 2ir in ruck a

wor as 4~ havs a mositive sipgn, then, we can see the situation pertrayed in Fig 7.5

("‘) In thic deesrcrneg e conoaerTon o hipth vy Ty B AN T, Ty, 7ocOnT T inele mitons,
Fror a miver print on the r~ivenla» vertexy, PY, tc 2nother poirt in tle vicinitr;, I,

tieme i o2 panriirct. wsetor Re= iv o+ 3y 4+ by the langth of this ectox Is R,
1
The “iffeventizis’ are Imoth at ~int Ty, Ae = » d 83 this covresronds to oz 4iffire

~ntiated lenstr of a tmgent to point PY, ds, Therefore, the unit vector of <the

tanga-t is (ds/ds) = 0i + cos8'j — sin€'%. . If one takes R and user a crlind-
et e wiimme ormdae ge ATes Yz 140 dham,

- - N

R = ix + ;(rsmﬂ — 146i00") + £(rooed — ryc0s6")
{(6.19)

R --t#'+ b i Drrecoi(B— 8O £620)
Rx A sl - =]

6.21D

+ jzsin 6 + kxcosf’
it is mgs-ible tc obte

Tf we use the Piot=3avart thesrem fvom electro:ranies, then,
2in the differentisted are of ithe veortex, ds, and the diferentiated flov sneed veo-

tor indnced hy it at point P v-LRxa RXd (ule (6.22)
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1, Ticriar of Vartinnl Cregr Sectiom of Vortex 72, Vorter Cocriinate Jyotern

e ean them use the non~dimensirral cooriinates ¥ = (z/r), 7 = (s/r,).

armumies e nee thls, corecrming the entire vortex 27 , the martial awisl velceity,

-~

c~uation (§,27)

T 51- Feos(@ — 8D — 1 , 48
o [F4741—27cos(8—6)]°
6.23)

V,=-—
g 4xr,

To make intermation exsier, take the ecuation above and ~hange it to be

R — r -l Il
y 4wrg [P+ G+ 1YWHEZ+ G- 1D

- PRI mvemL
Pl MR ANt e o

o remo— /- ez

xSl e

- P L T T sl - o eear -~
T R LT . Vs e UL,y AR VUi L.

m—
- & + (7 + 1) 1when x=0,rl;

Then, the irterr2] enuation is

L= =4

Ty ~™iok die induced at point F, cen be obtzined using the cirrular interraiion




ARl

The various cuantities in the enuation above can be induced into the form of a

stondamd inte—21 e~u-tion for an ellipse

1 -
K(k) S O paret - da

E@ = [0 — panto)t ds -

D - sin’s d =K—E
® 5————(1_1(2““)* =Kt ;

Oompltine tre fumetionzl takle, v obtzin
S; - do = E Fid
° (1— k’:’m’a)% 1—k
S"I sin’e —do = K- lz
° (1 ~ ksinta)} 1—K

The integr:l e~uation I, nan e errversed 2s

{ ;= 2;4(K D) —4(r + 1E
__T 47(K — D) — 2(GG + 1DE

V,=
2em (74 G + PR+ G- DT
f tindy fimelly ve ciinin
1 V‘ T {K k)
2xro [P+ (r +1y
Zli+ _2G—1) z]zsoo}*zm/-l. . (62
< 24+G-1
. T ard g Viiel v 2lxmoodr imow,y nre funclions of T and X. TUsing (_2gr.]T)V,—f",

2!al velocity comnonent values can be disrlayed as in Table €.1.

Concernirg the whole vortex, the radial component of velocity induced at point

LN

T can alsc be firu—ed accexding to the procedure utilized above by using the integrel

-~ rl -

£ eqvation (7,77) along the circumference 2mr .

Cc.
T Sl- EFcosd
Axredd [P 4P 41— 27co(8 — DI
. £ I,

dxre [P 4 (7 + 1 E + (- 1)
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e
' , Floo |02 oc ;o'.s" o8 10 | 12 1.4 1.6 1.8 2.0
0 3.192 | 3240 | 3.585 [ 4.482 | 7.091 | — | ~3.345 | —1.263 | ~0.666 | —0.407 | ~0.271
0.2 2.962 { 3.033 3.263 | 3.695 | 4.081 | 1.336 | ~1.219 | —0.887 | ~0.554 | —0.363 | ~0.250
0.4 | 2915 | 2.534 | 3572 | 2.585 | 2,115 | 0.974 | ~0.061 | —0.351 | —0.331 [ —0.260 | ~0.198
0.6 | 1.981 | 1.965 | 1.899 | 1.719 | 1.333 | 0.756 0.233 | ~0.048 | ~0.141 | —~0.151 | ~0.135
0.8 | 1.49 | 1.469 | 1.380 1.206 | 0.934 | 0.600 0.295 0.089 | ~0.020 | —0.065 | -0.077
1.0 | 1.111 | 1.086 | 1.008 | 0.874 | 0.690 | 0.482 0.289 0.142 0.047 | —0.006 | ~0.032
1.2 [ 0.824 { 0.804 | 0.746 | 0.650 | 6.527 | 0.390 0.262 0.156 0.080 0.030 0.001
1.4 | 0.617 | 0.503 | '0.%60 | 0.494 | 0.410 | 0.318 0.229 0.153 0.093 0.051 0.022
1.6 | 0.468 { 0.458 | 0.428 | 0.382 | 0.324 | 0.260 0.198 0.142 0.096 0.060 | ~ 0.034
1.8 | 0.360 | 0.353 | 0.332 | 0.300 | 0.259 | 0.215 0.170 0.128 0.093 0.064 0.041
2.0 0.281 0.27¢6 0.261 0.239 0.210 0.178 0.145 0.114 0.087 0.063 0.045
Tatie {,1
: frinl Velocitr Jomranent, v, (awr,/I) Irdnned at the naint P F in
Tictwide of T Uowter
.‘ | '
( ;\’ 0 0.2 | 0.4 0.6 ' 0.8 1.0 1.2 1.4 1.6 1.8 2.0
¢t i 0 0 0 0 0 0 0 0 0 0 0
. 0.2 0 0.183 | 0.452 '1.’012‘7 2.547 | 4.787 ' 2.135 0.746 0.325 0.168 0.096
0.4 ) 0.272 | 0.619 | 1.137 | 1.841 | 2.182 | 1.386 0.881 0.479 0.275 0.168
0.6 ) 0.268 | 0.565 | 0.900 | 1.202 | 1.287 | 1.073 0.748 0.484 | 0.312 0.205
0.8 0 0.220 | 0.441 | 0.649 { 0.801 | 0.836 | 0.744 0.584 0.426 0.302 0.213
1.0 0 | 0.165 | 0.323 | 0,458 4 0.547 | 0.572 | 0.530 | 0.448 { 0.3%4 | 0.270 0.202
< 1.2 p | 0.120 | 6.231 o:za 1 0.383 | 0.403 | 0.386 0.342 0.287 0.231 0.182
1.4 o | 0.085 | 0.165 | 0230 ] 0273 | 0.291 | 0.286 | v.266 | 0.230 | 0.194 0.160
1.6 0 0.062 | 0.119 | 0.166 | 0.198 | 0.214 | 0.215 0.204 0.04 0.161 0.137
,‘ 1.8 (1] 0.045 | 0.087 | 0.121 | 0.146 | 0.160 ' 0,164 0.159 0.148 0.133 0.117
- 2.0 0 0.033 | 0.064 0.090 | 0.109 | 0.122 | 0.127 0.125 0.119 0.110 0.009
L
s
' Table €,?
itadial Mon=?imencicnal Veloecity Commonent (-’-’F‘ v. Induced at Toint T




TR Y.

N 0.2 |04 |06 | o8 | 10 1.2 1.4 1.6 1.8 2.0
o | o |o0.06s 0268 | 0665|1438 —~ | 1.978 | 1.448 | 1175 | 0.9 | 0.873
0.2 o |0.060 0249 [ 0.9 | t.149 | 1714 | 1613 | 1331 | 1120 | 0.968 | o0.853
0.4 o | 0.0% | 0.204 | 0.460 | 0.792°| 1.075 | 1.158 | 1.092 | 1.986 | 0.886 0.799
¢ o o | 0.040 | 0.156 { 0.337 | 0.552 ) 0.740 | 0.843 | 0.861 | 0.829 | 0.778 0.724
0.8 o | 0.030 | 0.115 | 0.245 { 0.395 | 0.532 | 0.628 | 0.675 | 0.683 | 0.667 0.639
1.0 o | 0.022]0.085 | 0.179 | 0.288 | 0.398 | 0.477 | 0.5%1 | 0.558 | 0.564 | 0.556
1.2 o | 0.016] 0,063 | 0.133 | 0.215 | 0.297 | 0.368 | 0.421 | 0.456 | 0.474 | 0.4%9
1.4 o | 0.012 ) 0.047 | 0.100 | 0.163 | 0.228 | 0.288 | 0.337 | 0.373 | 0.3%7 0.410
vn | o ({o0.00006.03 {0.07 | 0.126 | 0.178 | 0.228 | 0.272 | 0.307 | 0.333 | 0.5
1.8 0 0.007 0.028 0.059 0.098 0.141 0.183 0.222 0.254 0.281 0.1
o0 { 0.00n | 0.022 | 0.047 | 0.07% | 0.113 | n.148 0.182 | 0.212 0.237 0-25%
oo - - T (Tz:—;)tﬁ
A P T P S P
- 52- cose'da'/{l _27lcos(B—6) + ]}‘}
¢ £+ (GF+1)
X{] +2?[l—cos(9—6’)]}.
2+ (GF-1) ’
R e rie Ioewearieelrdes Sic etuivalent so that it

V, =L

232K — 2D~ E)”

-t

t
it is vossidle to obtain

e [P+ (F + 1DWPE+ G- 1))

e mniisl commonemt of veloes -

V, =

T

== {x

2xro [P 4 (F + 125

- [’ + ;:,j,-(;—_—l—);]E(k)} [m/‘]’u ‘ €6.25)

27

berores a gta lc -7




T™e flow function, ¢, can be colved for hy integraotion on the basis of the

»~dial commonent of velocity, V _s and the axial component of velocity, V ! as
fellowss

] o=—rf Vi + { var [ms) (6.26)

é Piret, i~tegrate frem 0 to x along the axis of symretry, » = 0; then, a2t 2
noint, ¥, intac<e Tror 0 Yo r along the radius, The irttesrl of the fimst quan-

e enmmtior ahzve = Cy 2ngd the inter™1 of the second qua TIYT is

= 5 [#(r -: 1)214{ w0
B [l * .f_(; - 1)’] EW }## 27

If ove tnltem the onis of mmoetz, B o= 0, to be 4re hase flov line, thet is tc say,

et

T oome trhan the volume of flow 2leong the aris of eymmetry, T = 0, to be ¢ vhich i

e~uz” to 0, than, one can irter™ie the pa~ic of erusticn (€,07) and criain

~Trfma Gt mi{(z - —)Kco - E(lo] [es/s)

_iR L. C628)
Thp'fcrafs¢inr anal-rsis iz omly ap-ronriate frovr nea AR ST SN 2- s ieh 2we
induced by the surroundings of ihe vorticzl come, neinzl wor-in. onret,y evarn I
they are verv smell, dc not have —adii, 8, +hich ave enu=l t¢c rexc, Thaelcre, i

' ie mat mAcsinle tz use ¥ = 0, F = 0, and k= 1, in ordex to solve for the In‘uced

Y. T - - - .. 1 ) [/ ~e\
e Ly e ey AnAAt e - -~ R e IS \
amroa < Ao S T I H e - Y em, T e e

8 moszible to sur-ose that the vertieal

~
rmoSs fsctismg of dhe vootisca Wave enun) cirerlatimms, T (p'/s), 200 thet ther are

= priz of ciwenlar rriz-le ~» vostices v ich heve gr-osite dimaciiong, The twe veore
tices miturlly induce =2ch other as followes
(t eren rinspe in the heart of the vortex where 7 = 1, the arzinl flow speed 1

H
7o

< feieant tel I,;”=4r (m/s] (6.29)

snt that, oom if one is cmsidering gases ~fompletel; at

Thie ermiaing the

e}

o

5 ! ~oaty il one is i"nliirg in terms of the vorticrl corey there is displacement in a
f"ﬁ ragitive lireciion 2long the x axis {(the ferward, counter=current flow of the sur-
:‘; ronAing mancc) 2t a velocitr V! +¢ ‘hevefore, these vortiiees are not cepable of
g' being stable at 2 Fied noqltwor If, however, one is co-ceming himz~1lf with a

i ¥ uniform fMov field in vhich the conter=current flov speed aleng the x aris, -Vx =
?{ -(r/4.n>' s than, this contitim can be mriri-~ined, stable =nd wmmoving, in rela-
t tim to ke wvortical core, ond, in *his case, stahility of ‘combusiion ezn be moine
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+atwar
LAIeC..

I® one is considering the vhole vortex, then, those vortical ceniers along the

circumference z21lso mutually induce each other, and, the result is that the speed of
the forwerd disnlacment of the comier—-cur-ent vortices or eddies must be consider—
ablly faster than what is the case in equation (6,29). (Refering to Hvdrodynamics,
Lamb, €th ed, 1945, p. 241} it s possible, on the basis of the eguation below, to

1

—current flow displacement in ediies:

re R - A Ead oy
] fiture the zr2¢ of counte

' A Bre) _ 1 . . . ..
3 = In - s & = tihe »iius cf ihue vortical crzw
3
, (<.3C)

orr of Tig (7.2) [3) shows the draving of surrownding geses into

. o
ne LCIT

o
i
8
®

1lips~id scthere br a sta™’~ ed v vortex, Accoriing tc the ref~rence cit-d,

18 » o fLemume thet wélve of Tno e

<
verter ic mars o lege emuzl o the ovews s o-dfne of the 477 fevices, F= o T+
If this Is truey then, the intmricr »g4 uc ¢of +»= flzme fube mui~t he 2+ is ~t ~Ameo

vhat larger than 2,00 » , T It is sm2aller than thic v luz, Tren, T At Trovostes

will be soueezed ant =lonmi2d,

The decim of manr "eeture for the int-ie ~ladtes of *he "Tlsh Toul

prarhex of 2 troTire Sl 77 svver poesiille e hased on the vrivoiole ey ol

. Paghe S

~nele of 2 frece vorier is the mame a~ a srirsl vorter,!

arrapriste for vme i the Aenic of Veemirinetal mmdl

Mevmereseric cemimifumml cer-rvessaxms and Aiffussers," Pig 1,T) shoe thai, o T

ntake venes, the "=utring rlete holes” or "fish scale holes" thet are arrange® in

.
Trre wiven 271wt dhe Iedrle Sl Uinmec 2igns the fiveciiom n o e= n of the noe

-

o ¥
!Jt

a3 » L “ S PR S Y R ~ 48 < 3~ 3 T SN, RS
line Ny TN aiems o the roirte of ‘rie-zectien of the spir-l line and the »dlus,

ints the combustion charbes

v
191
]
3
b
Iy
[$]
)
W

Al

frem il lzles i fte "ribiing or friction rlates" ani winding around the fuel dise
ol

ent vhirlwnis, The diameter of the fuel Zfignerz-on

B T ey S
. .

.

-

-+
",
3
[3
‘l
1
3
3]
ya
Y
ct+
R 1]
0
0
[B]
D
)
’.
s
'3
=M
<
.J.

nrrar thrt the vertical cere of 80lid ret~ticn, ‘then the

v

D70 rememy then, the tongential velocity can reach Vm =

-‘vm*‘w
= "l
R 3
(o]
bt +
N
e o
) k
3]
3 3
~
] s
L 3 Ij
b
A
-
o
"
)
)
-

I ’
4 . * . .
" Charter £, Sec 1-1-s about the fact that the flov spe=d directior is the nor-
14
]
. . . . . H
] n2l line of *he sruinctential line vhen ¢ = a corstant, In two=dimensiorel flow i

r £i01Ag, the mme~d v-lne @ = 2 constant 2w the flov “umetion ¢ = 2 corstont ave
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4
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. _‘\,Ma‘w .

o o grit]

i k'rw

XS

Y

ete of curves thzat meet sach other at right angles, that is “o say.that the tvwo
tangent lines at roints “here @ and @ cross are revpeniicular to each other; there-

“ore, ¢ and p- are called orthoromal functions, If we use the complex variable
Z = (x4 éy) =re” = r(cosd + jgnB)

an? the complex Sunction F(Z) = F(x -+ iy) = F(re¥) = ¢p+i¢

tc show *he "grhoronnl fimetims" ¢f a two=dirmencicral fMow ficld, then, it is easy

™ 7

T F.6 illustrries e welatiorghin bedireen nerreniicular

mrelirs Taw p owmaa~ 2 -
foll ARSI AN e =

prowiimetan pal =2l2x goomiinetes as well as the commler variable £ ™ Xty == pett

an® the way i» vhich ther are use® for dismlar, Obviously,

8z _, 9Z_.; =T, (6.31)
Or 1 Oy * At

Pig 6,5
"Aniral Tinme Vortex'= Fres Vortox + Point

L

Fig 6,6

Com~lex Variables and Polar Coordinates
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If one anzlyses Fig 6,6, it is possible teo rcome to know that

OF _dF 8z _dF OF _dF 8z _ .dF,
8 dZ 8r dz° ¥y dZ &y az’

"hevefove
8F _,8F o OF _ .8F
Oy ox’ 86 or’
Jaatiiel pers

8F 8¢ , .8y OF _0¢p , .0
—_— . o g — —_— - . 4 g
oz Oz ’ or’ By Oy y By

.
*

Therelomay,

b6, 00 _ 08 _ 0 632
3y '8y 'or s (630

DT ome mereweras 4 s memndy ~fUY cvantitics in ecuation (6.37) “rom the me-ninslesc

Trantities, e finds thnt ther sevarrie vt into eru2l mairs

Tr 1o (.7 )g 27 ome actuwie e -t theve iooa Simension = 1 ctdich ia verendicular ¢

e merTien of She 31 e e cigr, then, the "naint sink" contrinetzl flow along the
omtire eirvevmfievencey G = 7 r PV = a rometant;y  if one also vecormizes that t o=

4 ES
a constant, then,

roint gources:

(]

v,-L
T e = 2 conctant C, and the alrendy Imown amounts of flow,

and p detevmine C (6,34)
fLeeo™ing to erntion (6,4), frec vortices:

f‘,' -

1x = a constant K, and, if we 2lready know T , ihen, i

ct

is noz~ible to determine ¥ (¢,%5)
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If we assune thet the comnlex function

Fi(Z)= —CinZ = —Cln(re*®) = — C(lnr + i6)
. o= (g +.5D);

“ue to this fact, as far as the "point no-1l" is concerned,
its »otential function is ¢y = —Clar
its flov fimetion is O= —C8 (%.3€)

Trewmatowe, fha et dnatenticl Tine of the "roint sink",. ¢ = a consianty ic r =2

seev s ivopevesal ~enearirie cireles;  the egusl flov Lme of T e Vroire oo Th
dr= - cimetord, foog = o2 constont o sovor il el Tiner {omAif, If iveoro-
wmes e ogmrlev Simetion
Fi(Z) =iKhaZ = iKln(se')
= jKlnr — K8 = (i — ¢1)3
e, mAmmans s dde g S The o oee of 2 Tren~ vorter,
. . ~ . - : . I -t
. Iem meemdin? Phnaticm gy =K@, , 2 Lte D Smetien gy mKinr, Vel
fr frmeyg e prviscwer 28e” Yine of 47~ Troe vorter, $2= 2 constant, is r =2
. T omsle T nmgwmpe Lle etovlen, Dilmt sink" + "frer vortex" = the flow
¥V=¢,+¢d2=--C0+Klpr, " (6.38)
< ._a_ar__—_.éﬂa—.g_sn—vr’ ‘ /
898 06 - S e oo
. ) g T e =
L=y, . (6.39)
. Hr. Or r oo :
. r =R = 2 ~oretant, then, “ror etunt o

ozamwme thed { ¥ =Kok, -

< LTy s e iUTe i s KhaRim - €8+ Klor

K

N
~

; . -('E-lnr-;lnR,.-'ln(-RL), ’-l
¥

Travafov- St the £lo 1ine ennadd £ the a=i~l veowtrr ice
T s T cr line e vi.om O : hs -

: , =R (6.40)

o —— oy -—
.y

N “rnation (7470) is ~~1led A Mlosrithmic srix==1" or "iscmetiric spiril" enuation, If
: C
one alread; ‘move .‘21, C and kK, then, is is ~omsible, acrording to lny = th"‘Ee
. 132 .
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and

to comsult the ‘=ble of natirsl logarithms and, roint by successive roint, to rlot
ont the flow line, The veculiar characteristic of an "isometric flow line" is ‘that
the normal line, n—n, of the points of intersection such as M and M' between the curve
the m™dius are equal *c the irn~"uded arngle, 8, of the redius (Fig £.5)s Beczuse of
the fzet thet the cirrumferential flow speed of a free vortex, Ye, forms a reverse

nrorortion with the »eliusy ry for a2 certoin redius, R1, V,e = the criticzl spe-d of

sound
2 ®
N
AreorTice o enw) ~ivulation
_— Ry
.I_—K-=rV.=R1¢u cr veloe' lsh-—!zl
2x e s a ’

~oel{~fent (6.4\)

Tmier iden? conditions, “then the »rdiius iz »edured to zr_y the &* "ie rres-ur JIrors

tor=0, V_is at a maxirum volue, and = 2,25 tian (t'-') -1 - 0.408,
SEY g AT FLFUR VESUEy ERC dmy = cef)y LSy RiJe 245

Thie ermic e T 7 oot Shaty within the circunference gener-=ted vhen the radius, r ,

iz 2t its evirers pinimum vzluey, ¢ = C and there is a true vacuum, ir the inte-val

Ir wmich re—+ R,, “heorotic-ll: speuizing, one can see the arm--»wae of swros of

mrarmcomic flov v ek 1< A<2.45, 7Prrtiraldly enealtire, “he rath of ths cent-

waret sl TR s oo s T mnemamy o, dn the ease of o7 2072 miberoiie v

vangret Jet tuben, I+ S rad megriPle te vroduce mimer-cenie flow, The R oeirtle ox

T Tle” g Mammie aivele " Vithin the Yeonis cirnle," theve i

21menAy o el ivennionsY, TIome pentrinet-l flow, In actuality, thig cireumfor-
ence at R1 is ”~lre-dy -ovevred or nrotected by the jet noz-le in the middile of the

2dAy errient Acvipe o+ W the hovisort-l erpsc sectior of the axis of roteotior of

- L - —_ " Tt - A - 4 a4 3 e Temre o mee s m See w2 ~ .
the oollT gty - foonel e ~rney thtny U is tlien o vooalr flovy ro-

inz out ¥ the no--le arF in chemped into a flow vhich foer along the oome axies as

all tne rest of the nom~l fMlov,

changec in flov, then, the continuityr enuation (€,34) should be ch=nged 1o be
WV"-ZE--C'a V,==aM; s = gpeed of sound (6.42)
x .

The flow, Gy can be talten as a contrcl, and, on the bzzis of G, it is possible

to choose 2 corsi-nt C' = p*a*R\= EQ, 3 the R1 in this expression is
t 3
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ius of the "senic cizcle" vhen one is only consideving a free vortex. ,*

are the stemation density anéd the acoustic velocity of stagmation recpec-
¥ = the local Mach rum-

d the r-~4di

and a*
tiv=1y for the surroun?ing environment of a free vorter;

ber, NDue to the ratio Dbetween point sinks and radii

& (&) (—)

1
M

1.
kN
] Hx~

(6.42
A
C - . B T 4 A -l - .- Fad . - ~ A ame Sae -
e L€ e . ] = Ty wnoemTITLNen _ovoo ¢ 1 [ ps
- r . . - .
—_ - yem v oa - K - 5 A
L= e — VE QDI L .. = LS | vaulll g

o moint mool oitie o
=L

2.4
2 - [
mit ey te e Y Tean g \Rl’ 2

' = [1.2] = 1.728 644

e w3 Tue -

Trae voriey

the +x-rosfarm-tie- 7

2

k+1

secedding 4r

M o=

1 one obtains

+
I ‘44-1 ]r_—l

the Tlow spe~d of 2 sniral line vorter is Ple Vi + V3
EIE kA

erefn 1=

A 4 B
) . . L

K\
n-1%).

2 -3
o)

1~

(L) =1
R" Py

(6.4%)

k-1
X+1

(6.46)

Mer emaaS

avvevevy fwam amgadies O
.

K

Trom enuation {,07),

< "
; =(£),

I Lo
.Yo“:\ e

. . .

“ 2 "2 ’

Ve (.’.‘.) E_) - l[ s2 (Q ']

» )+ (&) = Hre+ p) ,

b g

; : tn the rogis of tiis one e-r obi-’r

!

' by r’-i-,[x""(%’)’]:(s,u) g tre smaller the —~dius is, the "~cter V
! .

)
'
J
t

)
«.
iy
. & &
N

PER
£
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L J ] L3
- “runtieon (£,2£7) is & spirzl line equation thet takes into consideration changos in

. . . 2
Ir smka the srnare of ths r~dius of the sonic circle for a fre- vortex, R1,

pe <3 e
and use it tc elim‘nate al> at once the various qouantities in equation (’ “7)y then,

it is mosrirle to cbtain the sguare of the retio of radii for a srir2l line cr skew

voriey
2772 3172 2
2 - 2l ] =3+ G) o
< ) [ Rl Rz R‘ r ( )
Th e e vrtiide anuntions (7,00 =rd (4, into ecnciion (€,28)

2
ERTREEL R b
Al &+ 1 k+1 3
(6.49)
Shen V= a, m* A = 1, itre vadii rtic for 2 sriral line or skew vortex

T+ 1728 = /3986 & 2

] : ToaeTemey ctom ame ammziders coumvessibilidy, the »eiius of the ronic circle for a2
2vwind Viwme sw ogltew veolov i abavd wrice the cize of the rdius cf the cenin eivcle
fom a "woe verton, In oxder fe muit the imgentizl velocity of the fuel fi-mer-ion
~"ates, Vo = V_ 2nd in order to mrevent “hn lo-ges from cheirelec &n <he flow of
~=gez from hei;c axeo~sively lar~e, 2% i reotec--mr Tor the piteh »ndii o - holes

| intle =Tl loter oy the Ino- o7 tle initize vemers ol ¢ oturtinme et 77 e

-~ R em Wb . . - o ) Fa R K]
' TS a e I e ove I tom ~ture at the evhaugy ¢l wie comressir 1s
& e - . R I B L P B 3 2
T - Jacg e ¢ [RY-TN s sl Y 2 Q- elo"‘l Co

' o = 18.3¢/TF = 183 /480 = 18.3X21.9=400{m/s] =V,

Them n = 77,770 mevclutions mer s~cond, the tangential velocity to the ~irer—ference .

4 ¢f the fuel fismensar ~l~tec It poaep (m/s) = ‘\p, the »-diue of the fuel disrpenser

. “Temen e moe T, mmd Fama S ennsd oplimeniotion, thon, Ver = 2uRy; rermelove, :
- Y S of e rorie elvele g 5

» v

r

k . Ry = —2
H L4
= ..
- L]
>, Rl-.l_ﬁ_q__x-—zg-zs.nm. i

400
N . 4R, = 112mm,

' Sec 7 Vircous Current Srimls

I+ ie onl: because liruids hove e viscosityy g, 2rd a velocity sr2dient Oufdy,

.= .
5 - 0




which pmoluee~ viscous shear stresser, r, that 2 rctation can be vound around tc
form a sniral cr vortex, DBecause of this fact, actual vortices and srir~ls are all
viscous cpiwvls and vortices, An avorticel potential flow free vortexr + a vertical
coere of sclid boldy rotation = a cirrular vorter; this idezlized, aprroximate concent
only ien-res viscositr, Practical erperience chows that the tangential velocity dis-
tributi~m 2lons 2 rodius, T, from the center of the vortex is ¥, = f(r) and that it

is most eeri~inly net similax to the one showm in Fig (6,%) (¥); on ihe cirmmfeven-c,

o) . o4t BN oL i P " - + - s s

Sy FTOmT e eife of the vortical core, there is 2 “suiden chengeY znd then a iod-

- e e e e B N et et mai i nt S et riream

gL NI LD eise - Umarivolion of vorticity inofrowerticorl vlomcu

Tl PISIE I o TleRwihution of b e i f=crlV=0 xV=20 '
Tom ot eIt

and it is not sveny moreover, it is Aiffused into the outer environment over an

irterval of dqurcilon, e This is due itc the Ta2ct *hat the energr loszes due to vise
~ous fxictior caure the vortice? strenctt of the roi~ting vertical masses {alsc callss
. . Al . -~ . - -

elrezlation, o rmodutlly avtmuate and it chuses the vorter io be dicpersed and

hregll vy ‘rtc sever ]l minute milsatins vorticsl masses (that is to sey, turbulence

flow ormenizational siructures), This is e2lled the "wortex disipation and bre-k-
dovm tivhuierce forme" Lockings rt 2% Sware th'e noint of view, the bzric nature o>
mubs* ~nee of vortices and turbulence flows is the same; it is only the rize of the

mrmlc g the 2iemicionr vhich are 251°7-remt, DBecause of trhis fact, turtulerce flow

L2 S -
Tiptin ane

isnnne crowbiacl e £203 0 aoee st he enual clreviaiio flow fipslds,
\Vay -
7 . -
1.0 3
N
/ L

AL o wiced RS

-~
P TRy I YoTITTL, Y
A‘I//'/ : \o\"' s el A0 e 5
/ - e

’ - h v - - -
Y o B . SRVIREE™ I
Bt R Vo=l fl ca-my) . ’
< | 2nr o ] 3
0 1 2 3 s

Ve,
Ve

A
U
)

\\

/

5

»
TEXYIGRNY

e

o

L Ko wmenodarssnn

i €,7

lee Foverring the “rnzential Veloeity Distribution of Viscous Flow Ver-ices

~

e Tomefimmnaianal Tenpemtial Velgeitr V“e/ Vn' 3. Yortical Ccve [, Vieeour

-
grieXx

If i» nge the ¥ilor~"rm 25 *he mnit ~f mass, then, the vnit of force shouléd be

2
6] 5 and, the unit of demsity vhich we use should be (xg/m”); due tc these facts,
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A il

g -

WRE. .vipn

the it of viscosity is p (%e/m+ s), and the wmit of dynanic viscosity, v, is

o
(m“/s)e This is the same 2c the unit for the coefficient of Aiffusion, D,  Because
cf this feet, the cuxl or voriicity of a vortex, §, because of the effects ¢f vis-

cos’'ty, is capable of diffuscing out inte the surrounding environwent bty treneferance,

and the ceefficient of this transfer = v, Lecording to & me*hod in Chapter 4, if

one presumes a given volume, Vs, in a viscous vortical flov fieldy, an? ore zlsc pre- !
sun»s 1ts closed surfacey S, and the gedient of the vorticity, B, ~lons the cute |
side nomzl line of the surf-ce, gndf=VE, then, —"ithir a dur tion, ~%, “he !
verticlvr tut zutl fror o= omurfhee, T, if 3

N

£=—aef w(v - s (6.50) |

I e ar-repriste vee of Jeusals friamediag thegrem, e mot
i
v, {
3 —_ . .
s=—af" v (o -pav, (6.51)

Ir a durstion, dty, the verticity vithin Vs is reduced tc

vl
E= —4:95 o %E—JV, 6.52)

The vorticity put fron Vs is enuzl to the reduction in vorticity within Vs; ecuztions

(£451) ané (6,57) equal e=nch other, and the integronds ought 2lsc to be equzl.

If we ~re~ume that | is equsl to a constzant, then,

'_Q;__ 2, Vor.@z‘..—:.vz 6.53
Pax w8, - Bt (65

- s . . ) 3 .
The Ipzlacisr anewtdlion with enlindnies) coo™inzies

-

- ~. -

T v T e ae i e S e @ an) 2xial I mvrmmiadmias]
o : - xals il hipe il than i o2

13y ~omnetiaer 1y, ome ohtzing the AifTewamtial eruntion for a viseous vortex

. 8 185\

Given the initjal conditions: t = 0 and circulation (vortical strangth) I'ee 20K = 2xRiw,

» ther, one gets vortices amrmaring; siven the tevminel @ nditions: t~ 00,

a4z
]




and eireulation (vortical strength) T —0, then, vortices attenuate, dissipate and
the bowmdory conditions are; 7 =0, and the tangential velocity, Vew=0

——y

;
(Fig €,7); vhm 7m1, then, the tengential velocity, V.-(l __1_) Vs
e

ond, vhen 5 -—» 00, then, the tangential velocity, p,—0,
Acecii-r to 2 method empleying similar par-meters, when one solves for the special
sclntion which corecpnds to the comiiticns strie? above, one finde it to be

53_"_@(__'1), x-z_’;—dﬁ,w (6.55)

4vs

3

ne verticity, s

c2oTiing 1o ~thet a~ soli dr Chaowier §, ire cirveuvlatior, T o=

§

miltiplied - the ecirculation aroumd the erez, The smount of circulation in the
romé arez, Te 1S

» r K ,1)
= d =S — ——— ) 2xrdr
LgZ:r r 04wexp py x

- 22K {1 - up(— ;'5; ] (6.56)

)]

If one asrumes that the radius of the vortical core, 'R;"Z‘l/”’ y then, 7e=,/R,. -

rir cerres:cnds o the rules goverming the occurrence, develorment ané 2ttenuation

[ o PR S - .
7.
P s Y | .

b

[¢]

c 32y that, ~hen #20 , the vertienl core, baginning from the
heart of the vortex develobes and expands, bBecause of viscous Aiffusion ‘ranesfevance,
the verticitr transnitied from the interior air flow layers to the exterior rings
also, simltanecusl;, transnils masc and momertum, inducing the surrcunding gases to
roizie aramd tre vortiesl cowe, If one is derling with en edy, then, it ig cepee
ble of attraciing the mra:s dowmet-ronm to flov upsiresn, If the sméce involved does
nect suffer from any Tiritntion, thev, vhen p 0¥, R,-’GD sy ad the circulation,
r— 0. "hat is t2 sar, *he rages move ir an avorticel rotation, If we go on the

hagis that I'e 22rP,, , ithen, from e~uation ((,56) we can obizin +he fact that the

vemE[1 - en(~5)]

- 5’%[1 - exp(*-?’)] | (657)

o mme + AT At Al e
N ? [oRANE

Aererding 1o the analyeis thet we heove done in this secticn, the eddies in the
evhanet ¢ +he vamties? flov Asviees in Sec 5 are net ctetimar: ar? wnchargingg oo
the eomtrery, “her amr eonstntly being rroduced, Jeveloring =-d attenvating in a
rmnce=c of snccessive —enewrl and degenerrtion, 'hat is referred tc as "stable

cemustion” mist neceszarily depend on the careful coordination and adjustment of’

138
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"fuel concentritior distribution™ and "chemical reaction processes” with the process
of Aevelorment of this ed”y in space and time, If the eddy or vortex is unstable,

then, the combustion will be unstable,

Sec 8 Axial Turbulence Jets From Ieyers of Spiral Flow

The poih betueen two layers of spiral or vortical flow can be seen as being
the nal~ri o772 T3t det nozzle = 2t o “he two-dimensional turbulence jet put out
Trem e Tlat e mvickly Varicve ecross secticus of amial Tl spesd (10 -
et onoe o

W0
=y ¥
2
IIT W r
’ -
[
v

|65 aﬁn:iixLxrg&zx»a
i £,8

1, TrwErelor o 1 Valgeity Digtxivotlo- of Mwoedimensional Turbulence Jet From a

Tler Tee TioTe 7, Tlat Jet liamle I, Imitiz) Seezicn 4, Mein 3ol Section
e Curlimo foomation

I'1A 2-d 7D nre the outer limit lines of the det, 1"‘10 2n6 1.0 eve tre imneoxr 1imit
linez »7 "o Zct, The two outer limit lines, a2t the mouth of the Jot, Tlov tore-

ther an? maert 2t the Yorigin point" 0, ° The trienguvla~ aree inside the intexier
.&.
Lz

,1
ct
5
(1]
C.ae
o
+
Q
(8]
14

boun~arm lires is called the "jet ccre,” The avial flow speed withi

W. ic evem and mehancing And is ecusl to the axial [lov speed of the intzke, Or

.
4
o i
2 T am A 4 -y~ 4 p o o Fad 45
the brcie of “wdurtim from erporine-tel Aata, the dictrrng “zor ihe

to the jet nc~-le, h_= 0,71 (b /aly, and the length of the cove, s_ = 1,02 (b./=);
the experimentzl constant, & = 0,015 ~027, In genexrl, 24 ~5 times b ,

Sec 2 Methrie Tor Diasraning Counter=rurmemt fweaze Behind Zd4qy Cnrvent Arravmtiuns

(1) If we 21va2Ay know the heicht of a fat jet, ?'bc, and we choose the consiant,

a = 0.15~ 027, then, on the brgis of emu=tion (6,52), we can figure out hc and £ _,

and we c2n Araw the extericr bom -y lines vwithin the itwo=dimensional turtulence

Jet in Pig €,8, The mxis of s;mretiry cuts the jet in h~1f, If, alomg the axis line,




ve cut out 2 certair number of sectimss 1, 25 39 eeess iy then, we can messure out
from the line of the avis to the interior and erterior bowmdary lines the coordinates,
Bos ye o eev.... @s well as the thicknesses of the bomdazy laver of the turbu=-
lence flow, O, T43 Yos ececeece

(2) e already know that the cone=shaped shell in the forward se~ti-n of the
flame tube has a maximum inner 3iameter of R and a hemi-pyramid angle of g. Ve also
alre~dy Imcw the etemal diameter of the vortical flow device, T and the intemal

iameter of the vorticr) flow device, T4 b = (r -r ), the number of vorticzl fMow

. V
.o P . o =2 - . [t P
vanes it mi  Sle veviicl fiov engle is ¢ (Fig o._,), a2nd both these cuantities an

. fmp . O ; e ~ o 3 ;
alre-Z Imow as &re, 0, ths thiclmesc ¢of <the vane blades, Go’ the amomt of intzke,
the ov rall int-ke temper~tu-e »nd nressure and the axial flow speed coefficient, i,

(z) If we 4nve the jet Tlow speed of the ringwshaped rotation at the erhaust

N

¢l the vertieal fiow deviee, ¢, 2nd divide it up into the taneertial commonent of

e 2. ~ L - N e T ~ e v .

velocitly Ve forxming an eddy (Tig C.4) end the avial flow speed, W, vhich forms a
hd R - - 2 an ." >, . - - 3 - - »

merlalat £I (Tiz £,77) *#o=* = ogy fox it avie of symmeiry tie well suxface in

Tre foreevd orawl of e flare tube

L - ; .
) If ve inke the ov'er cirenrference of the exhaust of the vortie 1 flow

device 2s the origin peint, #n1 iy on the bhasis of the same scale cf m--srement,
ve take the contour line cf the invexr +~72 L7 4he Towe-»? gactiom and ©os it the

- P ad + 2] dlam e s me v i . 3 >
arls ol =ymmetry, andy In the rome cemnong Tefove, ond I4 Ur de maic 2 orrtoir nune

Texr ¢f secticomet,

9 31 esels tlem, the normal lines of the v-zious sactions along

s o a1, v Ty, frlte P Immer and guter ham iz cooriirnies of the cerie

K v LR % +

€ Lo TieT8y Ty Yoy Yoy siee. B8 vell as O, .;-,t .m-..... enc trancrlant cr trnse-
—UCTTL TNAT ACIDNS, Iy ronv o ~ilng Ye end noints of these Fq1 Ty esess COOX Zinates,

It rrowrts e the rrme fhing ac drecing out the boundary of the ersn of comiar-

cu~rant flov, W = 0, Te remson for *this is that on the extemal boundzrv line of

*re ~emi-led Ilow, fhe an'rT valoelty, W= 0 (Fig 6,11),
;'\ neInd Ty A T mcet v anslerin i Section T and Section T, iF tre
e DL EadirN = - - P -~ e N - y
Tefive ol f et Yle eldy, T = C,52, tlen, thetl should be rraciselr the maximum r2d-
iur of vhe arec of enmrier—cur-ent flow, The bouniary line of the arsz of counter-

cu-rant flcw is the trocl: of displacement of the heart of the edd:;..
T™he vector, 9, for the ring-chapad wotational jet flow speed at the exhaust of
the vortie~l {low Aeviece forme = hyn-»belic flow surfzce, (n an x=Yy plane, this

flov surface rrojerte 2 curve 2- ~hom in Tig 6,10, From Fig 6,© it can be seen

th-t:




r . | | ) N

2= 4D? — BD?
BD = ADcos¢
? 1 _1)301. from ADBO
X (mz¢ : ’ o 2
OB=y, BD'= 0B*— r};
_’*ﬁ.—- .
- K =F
K S
N\ ¥p i o
t
....2 ,
L LA
v, N
N\
w
e
y
me.9 ﬁ&ii&!ﬁtﬁ
( Fig 609
- e Air Tlov Rotation Caused By Vortical Flow Device °, Iurmber of Vane Flades =n
7, Tlrte Tripmene = O
y (mm) /4
)
N g //
b
.t 1
{ "JJT L1g,
oo 4 2309 &
: ' % . r '
> . ANRE L
e —l
&, 0 50 | 100 £ (mma)
; y E6.10 RABEORTRE
]
D Pig 6,10
L 1e Projectiom of the Flovw Surf-ce at *he ™haust ~f the Ve-tierl Mlow Device

% Ta2me ™ibe Axie Line
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ent Flow

Diarraming Method for Detrmining the Bour zries of A-ens ¢f Counter—cur:

Ty the Use of the Transrlani-tion or Travsnogstion of 2 Semi-jet Flow Fi=ld

therefore
1 — cos? .
e (= )8 (2 — ygle (659
cos’d
It ie ps IMle wp vee the Trnevhilic line thet roers ovt frxom o, in cfer o cox-

232

wset the travsrnsiiion of the immer bom?2r line of the jet fMovw,

MNacamypdnan, AL L1 o '.7‘,:..,.9.“: :,,(,.!::A“ C_l‘ 7‘1,,‘3-\0

Vrf

is 7,57 l= Il nztr-tion ¢f the 2ir Mow s ~ucture of the forex zootiom
cf a flame tvbz, T = the core sectiom of the semi-jet flow, II = the parallel flow
area of 2 *‘mrbulence flow howniary layer and its vorticzl flow field.' ITT = 2
cornter-cur-ent flow aresa, an e-lemallr surrownding jet {low suetiom and €33y ine-

duction vhich rroduce radial and arial pressure grzdients and form a centr-l trough

IV = flov liner ~hich wind aromé and s*ick to the surf2ce of the
twisted in-
= the extemal

of low »res~ur-,
counter=current flow area and which, vhen they r--ch their tail end are

to vortical wakes vhich are also czlled "vortical rolls." r, and r,
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1e Air Flow Struetie of the Forv-xd Seciion ¢f a Flame Tube 2, Jet Nozzle

3¢ Vortical Flow Device 4, Vortical Roll 5, Cone-shabed Shell

and Interal ~ndii of the ring-chaped -ath of the voriical flow device, g .= the
ferlerw -l =y e o tre come giarad chell, ¢ = half of the angle of expansion <f
“he rgtoiimmel det wihich Is ap-wonimately ecurl 4o the angle of installaion of the
voac-tion=l Thov voreg, 1, = 1o the distarec from the cross soction of the maximas
.

Tlarcler, 2. A7 tre enmterecur ent flovw arez o the erhaust of the vorticzl flow
Iovice, A = The distince in vhieh the symretriezl surface of the edéy enters the
erlinAziend pavrtior; thie ig remerelly Asx20mm , R = the intemal radius of the
forward sectior cf the flame tube, 1l.= the distance from the symmetriczl surf-ce

of the eddy +c the eni neirt of the arez of coumier—current flow, L = the length

cf Are mmes 2f mordavoeerant flow, T- thr zmaimt of sur-lemental ntrle in dhe
foerwar? a»ez, .= the amom* of int2ke mac of tre main fuel holes, IH= penetrzi-
ion denth ¢f the main fuel hole intake, Er= anomt of reflux flow. The contin-

uers o~ sugioine” imition sources, A and A, are carahle of being located in the
initial =*ar~ cof the bomdary l-yer of the turbulence flow close to the vieinity
of the bhoundam: of ihe comter-cuvrvert flow, arrro-imately 20-30mr distant fror the
exxhaust of *he voriieal flov device,

After onec use~ the semi-jet flow field *wonsrosition method tc drav ~ut the

povndaries of the arsz of counter-currert flow, one already knows R, Ty g, and

oun

&9 2nd it is possible to use the ermnerimental or emniriczl formula set out below
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to comrare and sclve for the maximum diameter of the arra of comter=current flow,
a, an? its length, Ly comnaring these quantities to =ach other:

.

- R;ﬁ" 4+ A, «=2Rsind, ;= 2.7Rsin¢_(6.60)

The lencth of the area of counter-current flow

L =i+ b= (R — rDagh+ A+ 27Rsin¢  (6.61)

To- grriestmeid oomcle of tle cone=risvel shell necls tr he omaller i oo
e~uzl iz 2T e arle of expamsior o The mot tiamrl ey and, 1T p& $, oA
ckooe px¢$ — 10°, If g>d>5 then, the core arcs of the half jet betreon the
irtericr velT -7 the cone-Qshapef‘ shell 2md the exmans’cn surirce of the jet —rodunsz
2 mct-ilonal ve-iev due to the influemne of houn?a lerer memar-il-n, and Teflex

21t ur ir s flarme tube caussn tie core~shansd chell tc ~vozhert, Te womiz

Teirew cemnse e ow dhe Indericr wrlle of the gare-chaned ckell nlec ranges Tho coe
ramemre o peru-ulintion of ash aroimd the eizcurfeovencse of the et npo--le, -~ pIS=
~I1Te w2 Tlr thizmey be thet I» ~omditions of Righ temneseti s and 2 o chovirge
of oxygen fuel and air mivtures th=* Y2ve alr:ady been bumed zssure continucus ccrm-

Fistion fro- IIT through the »ing "~ gt I and to the X1 area, Separ-tion vortices
oy

cherract 2 nevmal eireuleticng  fte Imitiorn zoinits, A 2md A are disrlaced dovm

the f1m: -ath, and the cirumference cf the jet nozzle sireiches out hshind iiself

a section of 7 ix7-in? composed of a Fizh Yemmemniurme e gns zir ~ivdure theo hag

alre=d:r heem bumed, A part of the fuel varor vhiech ig shot cut “rom the jet, with=

in =hle emall irxlwind, is cracked in a colzing process and congenls to bszecme &
1zind of Yerrnon gruel" vhich changes the angle of the spray, In crdexr to prevent
the ov-rheating and accumulation of carbon which is mentioned abovey, it is pos-
sible to chang~ the cone-shaped chell into a hemisphere<shaped "air flow guidc",

open small hcloz in the surface of this guide and crer & murter ol ~ur levant Iy

-
~

t-ke hclee in the tor =nd of the flame tube (for ervam-le, *he forwnxd sectiom
a turtine jet 7 is altered in vrecisely this manner), These small holes nct cnly
nrovide a sur-lementary surrly of fresh air, but they also blow away the accumula-
tion of corbor at the same time,

Zf the totn1 amoumt of intrke for each flame tube enuvals G, then, the amcmt of
mases mas:zing thrcuch the vortical flov device an”® entering the initial level, G
(2 = 107) G; thre amount of sur-lementary intnke at the tcn end, G,x10%G ; the
amo'nt of counter-current flow in the mair comtustion aprrtures, cu(s ~ 10%)G'
if wve Tirure that G_= €04 ~ 0.5) C-2, then, G = the amownt of secondary gas :Lm:ake

entering: from the main combuction ap-~huve, The rrincirle is that the overell
i 144




l
. amount ¢f ininke in the main combustion ares of the formard end of the {lame tubes,
Cr+:k+G”= (22 « 30°)) G, ihich causes, in the areaz of main combustion, the av-rage
~oefficient of —-sidual mas, '@y to be slightly larger than 1,0, The counter-current
Tlow epre? or the anis line of the coumter~current flow area - ’r is capeble c¢f being
' *imeted cn the W cig of equatiors that have been previously “Qi-cusced, If cne
comsidore the case in which *here is no amownt of suprlementary gas coming from the
ter end (G, = 0) and there is also no amount of secondary  intazke gas in the main
Soegn i penimg (G.= 0), *hen, Aue %5 the offact of ed'y irduction, tie area
1 R o tear? psse cdI1Y seeancen novewhige of dhe Yelreuledient, T, ondy,
N o ~otcar A miwianl faswnlz . Ghad gmgumt 57 eireriction s
G¥ = 0.118(2R )%in’s - oW, fkg/s], (6.62) _
p= - s e A e eren in e mateoaver of covtuctiom (17;/7“:'). Vo=
Te v gmd T swne? v 20 - opiia line (m/g), ]
R A AT AL R e DS
EZ =
c=cr1+ \/G“)Il.ﬁ + 075024
P U
x —f—l——.z‘o;)] - ,(6.63)
Gesin s B
- ~ . o 2 g':-—"';p".' W ra s
: - thx praapT H =
S A S A R A S SRS S SV W Rol Se RO o MY - 5 8
T Toosr ot T e Tl L0 Ty DY Lz i Yle fg o wlne the orpthiommin cire
L mmA et 0T apmmatiape hiaiataly veing WEeh 274 idnde Plirhds 2t loy indiea~
ted ~nesfey I% Ir onmr Ao omune flemestt te he peerature; Toe main corbustion arene
‘ures su- 1 a2 sescndazy amnunt cf s, \.,, 2~8 vinmers GO; the positie o the
Yrleg o7 oh awe opened  shoulé be at the 1211 end peoint of- the counmtar—currert flow
Tmem ermerkad e dha Tgmecdwess ~idas their de-ih cf renetmtion shonld be Hax06R,
e oa

T the Antle A7 ivess Mn-ion oF Yhe vorticrl flovw vanes ¢f the veo-tiend “leow
im to¢ mert, and tre mciriion of the rinp-shaned jet is toe sirarg, ihen,
arial flow gpoedy V, ic itoo low, the amount of int-lie, GO’ is too small, and the
counter-current flow area is too lang. In this tyme of situation, there is an exces-
civelr rich fuel mivture and a secarcity of oxygem in the forwnrd portion of *he flame 7
tubes; conbustion is slow; flames are long, end efficiency is low; however, this 1
condition is useful for reimition wd > conditions of high altitude and low pres-
mure, In general, ¢ should be chosen so that it is less than or equal to 60°,
The conic angle of the jet vapor from a centrifugal jet nozzle, ®, ought to be
romewhat larger than the ancle of exransion of the ar~a of counter-current flow, !%.

1.8
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; I N % P P, Sy o i




5 : (6.64)

w(%) =225 o33

™e "vorticsl »011" in the wake of the arez of counter-current flow comes from
the formation of 2 hirh temperatuve gas flovw in the arca of violent combustion ( the
cr *ir)., If

pommnd womedwe s s te 2o peedn Tiee. than the hefetine gnewmt o Azp2b
- T s e, Then, the hefelting enew be o2bl

B - -

the jets fror the main ccmbusntion arertvres and cther holes

fMame per:

13ty ~f the

Fome Aand dhin Mvorties 1 welte" i very etreng, and the turtilence diffusion is very

Frrmpfrme ’

s nerritle te maintain a high temreveture air flovw right down

wre field of

to *he evhaurt a” dhe flame 4fuhe, forinr z "not emol" in the tempera

the evhansi, ar? th'e is vawy Aif"ieult fo elir minate, The meason for this can also

e traced to the Taet that tre ansle of instellation, ¢, T the vertiesl flew vanes
cf ‘he womtianl flov Sevice is too large, If one insertrs a large funnel into the

rair eowbu~toe answrturcr Ir ~xicr to eonduct fas~s in 2 fives direetion ( as, for

evarmiley in & Tpey Tlame tube), then, i ible to push and scueeze the eddies

forvaxi, Plow apart cx shorten the vortical r0lls, lowar the mmcliners and improve
the terper~iure fleld of the ethaust, The precilse oF wilng ~r-rerent Tlams Suba-

of adequate dimensions in order to make model experiments with flowing water and equal Rey-

Ve oughi to errlrir

relde nu-h-ore hng 2lrendy “~roven to be an effective technique,

-

Tim £,12, wieh e vrflive o4 an i17ugtretion of the f.mm of
ener Jet adie’ 2 oan o8y tnir is onct the name as a phetoor

See 11 Voriew Tiength Mimbers 21d Tesis or ZHoitational Jeis

Tra wiv mm o me? medn it aaagn

Jete at the evhauet ~f the vortie~l flow devices

i Mow, and it if moseible to use these

thelir Aimensions, thelr evc encth, their
well as their stability. Naturz2lly, it is only possible

tc actieve sotisfactcry combustiorn capabilities -hen there 1is

...
mrginne a’tias an? mwanc o eemioregureent

e thermic str

tc conirmel the ~heve ¢ f Tlames,
efricieney of combusti-r as
careful adjustment and

conriination ~f the conie anrle ¢f fuel jet vancriza*icrn, 6, the amont of sun—

SRS

Tilenem ey oo indake 21 the tor end of the flame tubes, Gv’ the rositioning cf the

ralr flow areriures, the nema“roticn ganth, B 2ni the ameunt of sscon’ary ~=es
RUT“liﬁda’HCVGV'T, the secone and stirength of these rotational jets gives rise to
2 ba~ic induction ef’ect, The rtiz of the vr-te of flow cf the tangential mome
entur of the rotaticnal jet to the ~=te of flov of its axia) mementum is called the
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- "vorticsl strength number', S, end it renr~sents the vertical strength number of the

vortical flow device, vwhich is,

the moment of anrfalar momentum of the yotaticnal det

SQ_._'_. =

M,r: the axial impulse strength x the radius of the exhaust of the

vortical flow device

! j: oV eIW « 2xrdr

- - (6.65)
2 U ‘oWl 2ardr + S ' Ap'.’xrdr]

A Y PR Y .
Lo oalreril lmow T«

exhaust of the vortie : “evice az well as iz axial Tiouw ommed, Wy Tl LnorTat e

roas -~

~ressure Ciferential terms ¢l the principles moveming their fisizituiicn

. glong r; only vhen 1

integrnte equation (£,£5) in cmder %o £0lvs for the womiier) etmem~th rusiom, O

I{ one almody has the voriie ) flo: deviog, “Tav, fF Lo voemfide sa ome eees Tt
Aetemmine the awizl immilse T-mae, 1, of She mimemastemad wedzdfamn] ded oa T
_ its momemt of ansuler momentum, M Be -EZ latD fmoEw IMTwrtaeclov - - - .

'

{ siblie <c it a voriiecn) flov devies amd fvei-1" T3 L Sl eteeeps ot oo

and tc Instzl) at an ar-ronrizte Aistrreé cutride ihs erhaust eevciwe fom omee e -

e
- P IO Pt vm e N e een el
' foree (for rrarsle, ¢~ CoErving mupreste” Lzt hrcely v, ISt T L oo o,
P § 2 R | - g - —~ -+ 4 - Fal - - -~ ame -~
o I+ e mzeglTle ™ e tire imelens Toree, V., In Tigp £,14, the vizioars

Pl

Tlow Teviee Ls im~irllat iv Sve aehpagd of dhe 3e2 darewn) im the aope vrve LD

-t

use 2 gnooth vomT fvhe f2t n wetkey Tarme diametew te rdiust to the trytioe L Yo
device, he rot-tiorol ed, vhen it erters the roimé tuve, Tocnesgsers & Ttnitver e

it in i%te reiational motion, If one trkes e wetrl

( mrte the wrtmdé *vie 777 %o

fote omtoo Tl L s o moerimmel o tlarec, Yham, 1Y I wemeine

mamemt o angv s Yge It crier to just be 2@lc e Tecomd encurte
‘ata, ome c™m instzll, irside th ter rortion of the roind tube,
rlate that "eombs “he flow, and this eliminates the momentum of wot-
ovicide the erhaust, ‘he absance of any tyrec ¢© Nov
the *anrentizl flow spesd, Vas0,

Considaring Pig ¢ " the stntic mresruve, 7y, 2t the evhavet of the voriie-l

Mlow dewiee is en—cl 4 the pressure, ) of the surromding environnental g -es,

then, Ap= 7= 23 vhen this is the case, the immulce force, I-!)',, that one me-sures,

is cnly the ~te of ~henre of momentum per serond of the jet as it collides wiih

&7




]
.

the Plockinge rlate, If one assumes that pW? is a zuantity distributed evenl:; almg

tre »edius, r, then, or the bhasis of that fact, the axial impulse force is

M, = s" pW? .« 2xrdr = xpW¥(r} — 1))

- oW [1 - (-:i:)'] (6.66)

If +he vorticzl “lou “evice uses flzt tlades, and the angle of instellaticr,

- -

~ . - - 'Y . - o X -
o, 27 e Ylafas alons the mding, ry does not ohange, then, Mo Pl 5,0 cne cov
'
o e —_ an a 3~ + Lrrpt dlnd I e
see N2 V=W, s if ome meeomires the Tret that pW?!  a2long » dces not

~hapme, ther, the npomewt of anmular momentum

£}

My = S'.p(Vr)W « Imrdr = *PWI‘S‘JJS 2=ridr

= %wwzwcr: — D =M.ge- %

x| — 2 (6.67)

The Mwortisits murher' o7 dhe rinpachare” vorticel flow device

- -

MotV becie of mhig gitr1ified method of arleulntiony it ie only nececcart to lcu

the intexicr and extarior ,~dii of the voriical flov devicey r, and r,, as well as

the svrle of inetrllation of the hlajes, &

s =n8 it then becomés moscible te sclve

s ", P GRS 0 R aye-} " - 2 - ot -~ n o ™. 3 [ 2 -2 ) ERY

Fas Fne Mer s tatde wgehemt gy Mrepmdiend cfmam th omurhan M SN Thie BV g hishex 4
1 ~ 2 e, A e
e ir .w_ o ~n ( e’ Fle

hen e "Vertieal stremsth rucber’, S 0.6, this is cnlled a veskly ret~titne

Ps

al flov in vhich there is present o1y an awirenelr weak comtex~current flow and ro

eddies,
“Ten the Yertieal sivength numbar", §>¢.6 » this is called a strongly rotat-

imal flov ir wvhichk one can find both eddies and are~s of counter-current {low,
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Fig 6,14
1o “drerimental Mensuremert of *he Forient of Ansular Fomentum of Rotational Jets,

""g Te Vewiicrl Flow Deviee 3, Tlow Comb Tlate 4, Wind Tunnel 5, Torsion Zal-

ec 12 The Influence of "Verter Sirength Number" s on Aerodimanmic Structures

f1) ™ influence of the "“vorticel strength number" on the efficiency of the

vertiesl flow device, g,

The purnrcse cf the vortical flow device is to rroduce a rotatiomal jety sim-

A o 8 S 5 e A It o 2 11,




ilarly, & jet tube trkes the power of lowered rressure and tums it into the kinetic
enexry of 2 jet. TIn the interval between the inteke 2nd the erhaust of the vorticel

flow device, 1~2, it is an~ropriate tc use Bemoulli's equation,

Sﬁz- + % 44, = 5 constant (669 '
v 2g - -

The “inetic emercs ~ut cut by the jet every second is

G —s .
E =G 2
2 - 1+ 28D (6.70)

1= *hn fwistion=l rouwer disinated by esch kg of air =s it flows nastpy If cne assumes

thal ydoes nct change, then,

j’ ap =g — ) = the tovex ¢f lowexrel Treraune,

. 8 i~ ~rep 2o ApefTtisiemdt chioh e Aed-wmine? e ke cnecinl chamet-ricTics of @
TamElar T Mo ol mhe vhael Wyt wtic (= fr ) iv the veortienl flow devies; o=
Lo el v ommlal 7T romr 4 0 Ul evhrezt o7 the vertieal flow device.
% lo0 et
09‘"‘1 %—4 '
q " x ry = 62mm MK N
0.2 X )
0.7 +— e
. RN s .
! ’ - \h - - X v .. l"'v::"»
06 7._ o
oSt . e
: Lf-14: ﬁﬁ§3 \
04
< 03 02 04 06 08 10 1.2°
m6.15 ma&amm&
Fig €,15
t ) T The ITTicieney of ithe Vortical Flow Device Varies With Changes in 8§ 2, Vortiezl
g

The ef"iciency cf the vortical flow device is % vwhich is equal to the izinetic

ene-gy; tat out eackh second by the jet divided by the power of lowered pressure each

secemd in the jct or’
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S (1 + 85Y)
2g

A %(Pl - ?2)

(6.71)

Dir {15 mepnically illustirates the way in whkich two types of vorticel flow device

efticienc, M, varr witl rhanges in tre vortierl strength number, S, If mre ZIs

ToeTiem Tmae 2o wmeled af st A SN fowm of the axinl Wedes, them, the efficlemsry
Mg e e e e dhe vgmtiesl Mlaw detvise hiag a hiph certien] sfsermth mie torg
S=10 , o “re artemt thot the mwoductiom of the renuires womeTional or epizl Mov

sre~d raniixes a leyre proseuve filfferential -] ther, to *that evtent, the "ina
= - - 2 P1 ral ? ?

Tamwemroe fr Mgy i e meand T e mme of madial vertiacl flow feviges 1ihioh mve
N - ~ - - ~a ~ . h s ~ -
’.‘31\3}"."5 :,. :...‘AT—-‘._-:-‘,-~., ,.:Vty.:"..;,,.. 't-f".b 2“51‘? nf ‘;“_S't?zlli’*,C“Ag d, e th’f :-t i? T
pe A - ~ - - e - ——— . - -— - -
. ~snn 3 & [l sa 3 N '3 -
prarriate for ¢i77rramt vortical sirensih numbars, S, it I noseitle tc inerensze 9,

[2) The influemce of ithe “voriiezl sirensih numbex", Op on the velociiy Tic77,
e larsex the vozrtie~1 strensth number, S, the larger the tangential ccm-

-

m~vgrd 57 -lopits of the rotatiénal jet will bey the smaller the axial component

of et s L 7L imy 4ha larcex the angle of evransion of the jet, 2y, will be; the
atronger the o73les gre, the larrer the diameter of the edliss, &, will be; and, tre
larrer the anount ¢f pas which is induced to r0ll ur br ~ionxis, tThe more viclem® o

Tov 2nd the precter the amotn? of energr thet is disriv-

33 . 2 -~ - s S
FifPegin OF o turbplant

N B

Tty nmenom o 0w rerg Teein, the yerious egmronent velocltler im o the dev o

-
b

»23ia) velorits, vg  tor ~mtial veloeity, v axial velocliy, wee all beacome 2t~
tenuated awd r-duced alons ~he ¥ awis very fuickly, If one es—umes that x/@ at ihe
ayheuet of 4ho vertie~l flow device is snunl te Oy theny the three comronent velce-

ities on the cross section are u, v, and Vo3 further down the flow stream, for a

0y, O
Siffemert volue, %/4,, ive merimum values for the three component velocities on the

-

excse mactlor BhL Uy Y end v, Tig €,16 maphically rresertc the wey In whilen
errerimentsl mo-~uremenis chow the atiennation and reduction of the three comnonent

veloeities along x/d. e three vortical strength number curves arel@® S = 04’7,
@S ="7.9% and ®Ss = 1.°7,

(Z) ™he inflvence of the "worticel strencsth number®, 3, on the fimensions of the

2ver ¢ et terecur-ent flov,

T

Pim 6,17 shows that *he lar~ex is the verti~al strenct: number, S, the larger

he dimensions ¢f e arer ¢f coumter-cvrrrent flow will be, “hen the secondar

+

amourt ¢’ air, G,, is a%ied fo~ the main combustion aperture, and the nenetretior of
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‘e Ifiueree 2f the Vorilienl Siremoil Thurber, 5, o tne Dimenslong oI e R ool
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. Towterecarrert Tiow 7, Tlov Tulde

Tig €418 ~—~hirglly shows the situation of distributicns alcng the madius, Ty

il okl

x4

c® the three corrinemt vertcre of veloeity, uy, v, and v, 2s well ar tie striic -
M surey & Vvhen these ruantities are measured from a cross section 10cm dovm the zir
ol

flow from the voriiecal ITlcv device; this Fig zr-ter -~ these Alst~ibutions fox ihe

1.

- ————
w

rzse in \-:hich,(D s there are no flow guides, and, @y vhen flow guides arc present;

all the empirical m-c~urements izken tc construct the grephs in this fi—ure were
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Tianiexr T Diowt Tisemerior of the Theery of Jets with Zasic Znuations

ieabnn i e E

Tirvaent 7 vomeders cf Turbulence Freoe Jets

M T

Ln Ten shave o two-firencional turbulent free jet form with a width = 1, 2
t

m

< Feirht = 2h, and an anourt of flov ~ut out by a narrow=crack jet = Gc' Yhat i
~elie” 8 fmar Sef fa sammaned of homgr~eneous mses vhich are evnelled inte a spsce
pithout heime hindesved aw acemiately storred, The uniform speed of the Jet vhen It

., - br- dust Taft the ded rosmle = v, The mavimurm flov speed for each of the varioms

3 o
é ) rmg= sectione on the axis of simmetry, X, = U e The initial momentum flow rate cf

a st2ble jel at the jet noznle = ?».’C. The jet induces the surrounding gasas to roll
hael on themaslves: it inducer turhulence Aiffvsion, and it induces the cross-cur-
rent evchange of mass, menentum and energy. The frrther out one goes from the jet
roc-ley the more numerous are the surrowndirg rases vhick ave Tulled aleng by the Jet,
and the smaller is the amount of energy contained in each wnit of mass, Therefcre,

the wilth of the jet, 2b, is cuickly enlarged and expanded, so that the arial flow

P

i
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speed, u, for the various cross sections are graduzlly reduced to lower values. On

- the basis of methods for the investigation and measurement of flow fields by making
them visible, it has been discovered that jets can be divided into an "initial stage"
and a “basic pattem stage", The arez between the exterior and interior boundary
lires of the jet is called = "turbulence boundary layer," Viithin the bomdazy layers,

larce arounts of turbulence flow cause pulsations in the masses cf ras so that they

w2t ammired esoh othrr at 2 high frerpency and a high speed causing friction: the

vieacvs sheax sis=e, Tr , fs much Targer than the corresnondisg shezr fecrees off sitrer T,

“ur Tle uy hovet v Gerorn owler o vass el oth oroamectlly, TlemeTlziy Tl Tize
v PR e e Rt . TR S i o~ 1T TP PR T ~—n ~e
L lever lenstivyy M1 & aT e T o Ate Lowmaxry larer viseesityy gy O

20 to 2o mmant e sevemel hrmédved firmes larger, The te ¢f chanre of the turtulemee
shear etleals ¥r, in tie y “lirectiieon . (877/6y) has & dec’riv: Influence ou tic

wedure of fhie Slsdmitedlew of tle oIzl Tlow stesd, Uy 21TMS V.

Tie ars fre- the =t ornoole ic o the point where the bowndary layers come Lolo-
oy ip thae [=21ti2) atoces 1% if 2lso the lensth of the et ccre, so. The flow

sre~ds at the virisus eresc secticmg of the cere of the jet are 2ll equal tc the wi-
<

~erm valuey, woe I one e ke fvp evienal beowmdary lines and extends them in

1
the cr-csite divection tc the cur-ent flow, then, they will intersect at the crizin

soint | oelso culled ile pulnt cpring) 0. The distance from the crisin peint to th
-4 P "-f‘ = 1 .
- e *@cu‘;\i-a:‘ clar cforliocle o 2 *urtulence frec jet is this—— the axial flow
( :
moeaR e Tom fhn mme Mg Se 4T Weede watiemn etsme” ot various oXoSS secllcons
hag dietx»iteitiong 2long ¥ which awe 2ll rovermned by similar princivples ¢ rulesg
! Mo easter, e mve ng o~ Tnilons I- 4 the Zeymelds number, Re, R <
fyorm tle mninmt of a0 wee i BT fdee Shagwe p o fzoa wondor rarierle, The Tosatiom

of the varinsug infividual to-Mlence air masses chenges rondomly; however, vhen

cne ig me rortne dhe Aves ~o mlines T (e larre-scale ccllective movenmerts of tux-

“. = B . KRN C el e N A A ~ . 21a PR O T R s +hzt 1o+ [alzhie
( Yoo el T TR Ty LT RS ZFlo e ‘mov the f"-‘v'f‘ CLLANY ( that I <o =75
d
R . . . s 4 . P + I o~ at -
LS tre thmiozn oare or ovhe? o secibils oy lS) for the aphezranes o7 1 A%

E caviiin set 27 ecrrilrates, I7 ve Gtk ox as the anis of symetzyy, £ 7 te be the

horizontal co-vdinmatz, and the avial flow speed, u, to be the verticzl ccoriinate,

then, on the basic of me-sured Aata, it is possible to draw the distribution curves

frr Ajatributiors 2lons y fer the flow gpeed, u, for different cross secilons, 3

BT e et
: . -

fror *he jet nezzle on out (Fig 7.2 {2) and Fig 7.1)s These curves ave all similax
ior nemnl dictritmtion curves, The et mulle on the swrooméding gases and

or them »11 up on ithemselves 2long 3 it alse incresses the amownt of commen
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ras flow 2n® reduces uj

Aevelonssy howevex, the

represents half the width of exvansion of the jet;
jet = 2a, If one tzkes (y/b) = n to be
u o= £(n ) to be the vertical coordinate,

for different cross sections, %, are

matterir s muTre, e Plae- dctc or the /~=xb ir

evporimeri-~l F~ia; the rontinuous curve is figure

thevefore, the common gzs flow, G>G, The jet expands and

axial momentum flow rate, M is almost meintained unchanged.

At any'given crose section, x, the co~rdinate, by of the determined u = + w

the angle of exmension of the
the horizonatal coordinate and takes (u/
then, the flow speed distribution curves

all irnduced ic become a nen=iimencicnalized

uvve as shown in Pig 7,2 (t), This is rveciselr vhat is mowm as ¢ wavs Jorm selfa

A Sarmen

the IlTust>-tien ga»e “rdvyesd Tron

d out on the basis of JTollmien

'l
D
I
r.D

Trraneion of Tuvwhulenee Frag Jeots

sic ¢r 8~1f matterming sicce of & turbulence Ixie o, *he I3
noint 211 behave in the fomm

Instantanecus marameters = averase time marameters + nulse

“itkin the bas

read, termmeraiure and concentration at any given <t

irwepgular rulsations,

narameters, If we t2ke, as an evamnle, a two-dimensional jet, then,

~ame
-

The avevams time value for the amomt of mulse, u' a»d v! are hotl enn-1 4o

Agepriive ta dthe Prandtl theoryy on the hesie of the concept cf the free movement of
cleenToz, YTe Urae mgvemant” or "free math of irevel” of the furbhulencc Zae Tollcs
I ern? Ao Ve amgnr Moy mimine dfoteree, 1. IT one mensursrs the pulse flow spesel,
vty ord the 2vescse time flav sperd sr2dient (aa]ay), then, it is possible tc
figirs ovt the pi-ins distrree, 1, as follovs:
T Imr T mmest Iooem wpeion el ecunl te ke r.‘.:':“:'m: Fietmree ftimer the
TLeu mTec S odAlemdy eV feh iz oarmrevimatelr enund 4o ICED) (7.1

heecziir~ to the ac-certs cf 2lastic dymarmics, ve can iragine ihat the turbu-
lence mas bofies are stretched out in the ¥ direction due to the influence of “ie

pilatti-ng andé shortened in the y direction for the same reasone This works both
wen, herefome, the pulse flow spozd alomg ¥y v'e ond “he milse flow spead 2long

no—~tidmal; Thowever, ther have oprostie signs:
9 v &L o

- —yecy, —v 1(da/dy) (7.2)

Ae and ov*eide the bomiar- lavere of turbulence free jets, *here are ne

piots
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S0lid chstacles +c hinder ras flow rulsations; therefcre, it is possible tc con-
y gider the mixing distoneey 1y tc be constont in the y direction,
Tecides this, from Fig (7.2) (b) it can be seen thet the ratic of flow speeds
for various cross sectioms of the hasic nmattemm cr selfepatterning stage (u/um)
follows the -at-em curve o the non-dimemnsicnal coordinates, n = (y/b) and ic a
nrohability density curve for a Gaussian nermzl distribution, Therefore, it ic
noseible t¢ recononize that fact that the‘mi‘:'turp Adist-nece, 1, for 2ifferent cross
cortiors of 2 twro-dinensional moint srxming cr moint mource turbtulence et 2ve In
3 Jivert tronctlon oLtk the Welfecidth, by o7 dheec exocns oonlions
i
E | = gb, B = Proportional constant (7.3)
* Prandtl ascumes that the »ate of evparsion an? develconment of the half-vilth,
] by ¢f the turtulence boun<rry layers is in Trcpemiion te The horizontil rulse Illou
4 sre~d, v', as follows:
) %ccv'g—I;L;, —g—;‘-<0; (7.4)
The flovw spead gradiem? cf the varicurs cress s~rtions, (88/8y) is proportionzl

- .

to the heifht-to-width mation (u_/b) of ihe Mo eme 7 At -ixIbution curves for these

crcss seeiions, u = (dx/ds), uecu, 3  therafore, eruation (7.4) decomes

(d” ex constant - . (g /p) = constant - u,

y (7.5)
' _‘.’i) | dx LA
(d‘ 5 g —constant £ o 1.6)

I7 one comrares ecuation {7.%) to equation (7.£), it is possible to determine that

.f.b_ = a constant

dx g
s . or b = C\ (707)
o Pic T.3 shows thet, in the basic r2itern or self-patiemings stnge of the jet,

if on~ comnecis the corstants, (u/um), fzr the various cress sectiions into a straiht

' & line, them, that line is the vacinl line, g = (y/x) , vhich st-xte at

; the ~rint eovree, Oy and moves cut at @ conciant angle of exrnmencsion, o o

2 The conclucions in this section axe alsc arrrorriate for use in the self-pati-
* temi £ sinrces ¢f the axi~rmmetric flovw fields of romd jet nozzles, All that is

ot
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-and ohirins *he "ty S4y Sny Sy eee S0

necessazy to make the tronsition is to change %b_into (2r ) and ¥ into (z).

Sec 2 Gaussian llormal Distxibution and Probebilit: Density

“hen cne is “oing evneriments, one me~suves a certain rhysical parameter n times
The aver-~ge arithmetical values for these

n
detn, 4= --2: (i=1,2, -0 s have the highest preb-bilities

andt gwo ""*M"'t o the actus’ volne- of the paraneters mo~sure?, The ermrer ir

measurIteel Irn, = s.eh,  nen The Jisirmitutlics oozl o errory BAn o, Lo rmall
encigh, %' netsur~d valuos, §, vhich f2ll In tle rmie hetreen g anc n+ Ay i

net more rimergus than 1, then, it is possitic to reccgnire the following:
the error isn,, the probability; ¢f the mer-~irad value, Sqs @npazing Is

1= f(']!)A"? s N

Ther dhe ermor is N, the prebobility of the mescured velue, S,y e-nearing Is
@, = {(n) b, .
Ther Yo error i N, the rrobrhilitr of fhe me-miwad vnlue, Sy, erronTiig Ic
i - ' ' : o
gi b ,('II)A .
o e e lem o’ o rrohedbility of the mensured value, s n " ITnTing ls

P, = (7087, .

5 1
"hat ie ment P thin momnl 3ot hytdign o Al S 1 L 4,
e Ir memnt by tnie mermal Sisctittion is that the oroortunities for the a---axa
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